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RESUME 
Caracterisation cinetique et mecanistique d'enzymes viraux impliques dans la 
synthese et la degradation de la structure coiffe des ARN messagers 
Par 
Marie Souliere 
Departement de Biochimie 
Universite de Sherbrooke 
These presentee a la Faculte de medecine et des sciences de la sante 
en vue de l'obtention du grade de 
Philosophiae Doctor (Ph.D.) en Biochimie 
La structure coiffe est une structure protectrice retrouvee a l'extremite 5' des 
ARN messagers (ARNm). Elle est requise pour la stabilite, le transport, l'epissage 
et la traduction des ARNm. La coiffe est synthetisee par trois activites 
enzymatiques successives: les activites ARN 5'-triphosphatase, ARN 
guanylyltransferase et ARN (guanine-7) methyltransferase. Cette structure doit de 
plus etre degradee par des enzymes specifiques pour permettre le recyclage des 
ARNm. Plusieurs proteines virales ont ete decouvertes possedant l'une ou l'autre de 
ces diverses activites de synthese et de degradation de la structure coiffe. Ces 
enzymes viraux represented done des modeles tres interessants pour etudier ces 
activites catalytiques, permettant soit de mieux comprendre les mecanismes 
similaires chez les metazoaires, ou de cibler ces activites chez les virus a l'aide de 
molecules inhibitrices. 
Cette these presente 1'etude des plus petites ARN 5'-triphosphatases et ARN 
guanylyltransferase connues a ce jour, les proteines A449R et A103R du virus 
Paramecium bursaria chlorella de type 1, ainsi que du premier enzyme viral de 
degradation de la structure coiffe decouvert: la proteine D10 du virus de la vaccine. 
L'etude de l'ARN 5'-triphosphatase A449R a permis de determiner 
l'implication des acides amines Glu24, Glu26 et Glul65 dans l'interaction avec des 
ions divalents au centre catalytique de 1'enzyme, ainsi que leur nature essentielle 
pour l'activite ARN 5'-triphosphatase. De plus, les resultats obtenus demontrent 
que l'interaction de 1'enzyme, avec les ions ne stabilise pas l'interaction de l'enzyme 
avec son substrat d'ARN, tel que precedemment observe avec l'ARN 
triphosphatase de la levure Saccharomyces cerevisiae. Chez A449R, la liaison des 
ions semble plutot positionner les acides amines du centre catalytique pour la 
catalyse. Ces donnees demontrent que des enzymes relies au niveau phylogenique 
possedent des mecanismes distincts pour une meme activite essentielle de synthese 
de la structure coiffe. Ces particularites pourraient etre ciblees pour le 
developpement d'antiviraux ou d'antifongiques specifiques. 
Parallelement, une caracterisation cinetique complete de toutes les etapes du 
mecanisme d'ARN guanylyltransferase de la proteine A103R a ete entreprise. La 
production d'un schema de l'energie libre impliquee dans le deroulement de la 
reaction a permis de preciser l'etape limitante du mecanisme, ainsi que la nature 
spontannee de la reaction in vitro. Les ARN guanylyltransferases etant tres 
conservees entre les metazoaires, levures et virus, cette caracterisation a permis 
d'acquerir quantite d'information sur ce mecanisme catalytique peu connu. Cette 
etude nous mene au questionnement des implications pour la cellule de la synthese 
exclusive d'une coiffe guanosine par les ARN gunylyltransferases. 
Finalement, la caracterisation du mecanisme d'action de la proteine D10 
ainsi que la modelisation du site actif de 1'enzyme ont permis de generer le premier 
modele mecanistique pour un enzyme viral de degradation de la structure coiffe. Ce 
mecanisme est regi par la presence de deux ions divalents et d'une molecule d'eau 
coordonnee par les acides amines Glul41, Glul45 et Glul32 respectivement. Etant 
donne le peu de conservation de la sequence primaire entre cet enzyme viral et les 
enzymes de degradation de la coiffe des metazoaires, il est possible que le 
mecanisme utilise par ces enzymes differe du mecanisme decouvert pour la proteine 
D10. Cet enzyme deviendrait done une cible virale potentielle supplementaire. 
La caracterisation de ces trois proteines virales a permis d'accroitre 
significativement notre connaissance mecanistique fondamentale des activites 
catalysees par ces enzymes retrouves tant chez les virus que chez l'humain et les 
levures. L'etude de TARN 5'-triphosphatase A449R a demontre que des enzymes 
tres proches au niveau phylogenique peuvent posseder des mecanismes divergents. 
De plus, des etudes futures pourront demontrer dans quelles mesures les 
mecanismes decouverts pour l'ARN guanylyltransferase A103R et l'en2yme de 
degradation de la coiffe D10 seront applicables a d'autres enzymes de meme 
famille presents chez d'autres organismes. II serait interessant de poursuivre ces 
etudes en incorporant une utilisation accrue de la bioinformatique pour la 
modelisation des structures tertiaires des enzymes viraux, ainsi que l'utilisation de 
collections d'analogues de nucleotides pour caracteriser les sites actifs des enzymes 
et ouvrir la voie au developpement d'inhibiteurs. 
Mots cles : structure coiffe, mecanisme catalytique, ions divalents, 
thermodynamique, proteines virales. 
INTRODUCTION 
1. Le cycle des ARN messagers 
Dans les cellules eucaryotes, l'acide desoxyribonucleique (ADN) est 
retrouve au noyau et une portion de sa sequence y est transcrite par 1'ARN 
polymerase II en acide ribonucleique messagers (ARNm). Ces ARNm vont subir un 
grand nombre de modifications co- et post-transcriptionnelles au noyau avant d'etre 
exportes au cytoplasme pour permettre leur traduction en proteines par le ribosome 
(Furuichi et Shatkin, 2000). Une structure coiffe et une queue de poly-adenosines 
sont respectivement ajoutees aux extremites 5' et 3' des ARNm durant leur 
transcription pour augmenter la stabilite des ARNm durant leur cycle de vie dans la 
cellule (Hall, 2002, Shuman, 2000). Ces deux structures aident a proteger les 
ARNm contre les exonucleases cellulaires (Proudfoot et al, 2002). La structure 
coiffe retrouvee en 5' est egalement reconnue par differentes proteines telles le 
complexe CBC20/80 pour l'epissage alternatif et le transport au cytoplasme des 
ARNm, ou la proteine eIF4E pour la traduction en proteines (Proudfoot et al, 2002, 
Shatkin, 1976, McKendrick et al, 2001). De plus, la structure coiffe stabilisant 
l'extremite 5' des ARNm, cette derniere doit etre degradee lorsqu'un ARNm 
particulier a joue son role dans la cellule et est cible pour la degradation dans les 
corps GW ou «P-bodies» (Garneau et al, 2005, Wickens et al, 2003). Les enzymes 
de degradation de la structure coiffe, nommes Dcp2 chez l'humain, les plantes et les 
levures, reconnaissent specifiquement la structure coiffe pour le clivage et 
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permettent ainsi la degradation subsequente des ARNm par les exonucleases. 
Toutes ces fonctions font done de la coiffe un element essentiel pour le cycle des 
ARNm. Cette importance est soulignee par des analyses genetiques qui ont 
demontre 1'importance des enzymes de synthese de la structure coiffe pour la survie 
cellulaire chez les metazoaires, les virus, ainsi que certaines levures (Ho et al. 1998, 
Mao et al. 1996, Martins et Shuman, 2002, Schwer et Shuman 1994, Srinivasan et 
al, 2003). 
1.1 Modifications post-transcriptionnelles des ARNm 
Les ARNm sont d'abord transcrits en ARN pre-messagers dans le noyau des 
cellules par l'ARN polymerase II. La synthese des structures protectrices en 5' et 3' 
survient de facon co-transcriptionnelle. Les enzymes impliques dans la synthese de 
la structure coiffe sont recrutes au site de transcription par des interactions 
specifiques avec le domaine carboxy-terminal (CTD) de l'ARN polymerase II 
(Phatnani et Greenleaf, 2006). La structure coiffe est synthetisee par trois activites 
enzymatiques consecutives apres l'initiation de la transcription, lorsqu'une partie de 
la sequence de 1'ARNm a ete transcrite et que l'extremite 5' est disponible pour 
1'interaction avec les enzymes de synthese de la coiffe (Fabrega et al, 2003). La 
synthese de la sequence de poly-adenosines retrouvee en 3' debute quant a elle 
durant la terminaison de la transcription (Edwalds-Gilbert et al, 1993). Des 
proteines nucleaires reconnaissent par la suite ces structures pour favoriser les 
etapes subsequentes du cycle de 1'ARNm. Plus specifiquement, les proteines PAB 
2 
(«Poly(A) binding proteins») lient la queue de poly-adenosines alors que le 
complexe CBC («Cap binding complex») compose des proteines CBC20 et CBC80 
chez les metazoaires interagit avec la structure coiffe apres sa synthese (Izaurralde 
et al, 1994). L'interaction du CBC avec la coiffe joue egalement un role au niveau 
de l'epissage alternatif des ARNm, une modification qui consiste en l'exclusion de 
certaines regions de l'ARN pre-messager (introns) pour ne conserver que les 
regions qui devront etre traduites en proteines (exons). Cette modification a lieu au 
noyau avant 1'export des ARNm vers le cytoplasme par le complexe ribonucleique 
nomme spliceosome (Black, 2003). La coiffe, via le CBC, permet un epissage plus 
efficace de l'intron le plus proximal de l'extremite 5' des ARNm (Patzelt et al, 
1987, Proudfoot et al, 2002). De plus, l'ARNm peut subir l'insertion, la deletion, 
ou la modification chimique de certaines des bases de sa sequence par le mecanisme 
d'edition, peu frequent chez les mammiferes (Niswender, 1998). Ces modifications 
generent, par la traduction des ARNm alteres, des proteines alternatives ne 
correspondant pas a la sequence genique dont elles sont issues. Finalement, 
l'interaction du CBC avec la coiffe est egalement importante pour la reconnaissance 
par le pore nucleaire permettant l'export des ARNm du noyau vers le cytoplasme 
(Lewis et Izaurflde, 2004). Une fois au cytoplasme, les ARNm peuvent subir une 
derniere modification avant leur traduction en proteines. II s'agit de la methylation 
de la position 2' du ribose des premiers nucleotides a l'extremite 5' de l'ARNm par 
des ARN 2'-0-ribose methyltransferases. Le role de cette modification ainsi que la 
localisation des methyltransferases sont encore debattus (Langberg et Moss, 1981, 
Mittra et al, 2008). Le niveau de methylation varie egalement selon les organismes 
3 
(Furuichi et Shatkin, 1989). Jusqu'a present, les eucaryotes superieurs etudies 
presenters une methylation des deux premiers nucleotides des ARNm generant une 
extremite 5' nommee coiffe 2 (Bisaillon et Lemay, 1997, Langberg et Moss, 1981). 
2. La structure coiffe 
2.1 Structure et fonction 
La structure coiffe est constitute de deux parties essentielles, soit un pont 
triphosphate 5'-5' et un residu guanosine methyle en N7. Chez les ARNm coiffes, 
la position 5' du ribose de la premiere base transcrite est reliee a une serie de trois 
phosphates (Fig. 1). Le troisieme phosphate est quant a lui relie a la position 5' du 
ribose d'un residu guanosine methyle en position N7 (Fig. 1). La nature de ce pont 
5'-5' permet de proteger l'extremite des ARNm de la degradation par les 5'-3' 
exonucleases en masquant les phosphates de l'extremite 5'. De plus, la coiffe est 
reconnue specifiquement par diff6rentes proteines dans la cellule ce qui ajoute a la 
protection de cette extremite des ARNm et augmente lew demi-vie (Proudfoot et 
al, 2002, Shatkin, 1976, Thompson et al, 2001). Au noyau, la structure coiffe est 
reconnue par le CBC pour l'epissage alternatif et l'export des ARNm. Par la suite, 
d'autres proteines vont reconnaitre specifiquement la structure coiffe une fois les 
ARNm transportes au cytoplasme. Le facteur de traduction eIF4E deplacera le CBC 
pour Her la structure coiffe et recruter le reste de la machinerie de traduction, 
incluant le ribosome (Worch et al, 2005). La presence de la coiffe est requise pour 
la traduction efficace des ARNm (Sonenberg, 1996). Lorsque les ARNm ont servi 
4 
lew role et sont cibles pour la degradation, leur structure coiffe doit etre degradee 
par un nouveau complexe reconnaissant specifiquement la structure coiffe et au 
centre duquel se retrouve la proteine Dcp2 («Decapping protein 2») chez les 
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Introduction, Figure 1. Representation de la structure coiffe des ARN messagers. 
A droite, les bases 1 et 2 representent les deux premieres bases a I 'extremite 5' d'un ARN 
messager. A gauche, un groupement guanosine methyle est relie a I 'ARN par un pont 
triphosphate 5 '-5'. 
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Introduction, Figure 2. Etapes de synthase de la structure coiffe des ARN 
messagers. 
1) Clivage du phosphate y de I'ARNm par une ARN 5'-triphosphatase.' 2) Transfert d'un 
groupement GMP a I'extremite diphosphorylee de I'ARNm apartir d'une molecule de GTP 
avec relache concomitante de pyrophosphate (PP). 3) Methylation de la position N7 de la 
guanine par une ARN (guanine-7) methyltransferase a partir d'une molecule de S-
adenosyl-methionine (SAM). Relache de S-adenosyl-homocysteine (SAH) et d'un ARNm 
coiffe et methyle. 
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2.2 Synthese de la structure coiffe 
La structure coiffe des ARN messagers est synthetisee en 3 principales 
etapes (Fig. 2) (Shuman, 2000). D'abord, il est a noter que l'extremite 5' des 
ARNm au moment de leur transcription par l'ARN polymerase II possede trois 
groupements phosphates. Pour synthetiser la coiffe, une ARN 5'-triphosphatase 
clivera le troisieme phosphate (y) a l'extremite de l'ARNm de facon co-
transcriptionnelle. Ensuite, une ARN guanylytransferase transferera une molecule 
de GMP a l'extremite maintenant diphosphorylee de l'ARNm. Finalement, une 
ARN (guanine-7) methyltransferase viendra transferer un groupement methyle 
d'une molecule de S-adenosyl-methionine (SAM) a la position N7 de la base 
guanine. 
2.2.1 ARN 5'-triphosphatases 
La premiere activite catalytique requise pour la synthese de la structure 
coiffe est catalysee par un mecanisme different chez les diverses especes etudiees 
(Shuman, 2000). A ce jour, deux families principales d'ARN 5'-triphosphatases ont 
ete identifiees par 1'etude et la caracterisation d'enzymes provenant de metazoaires, 
de plantes, de levures ou de virus (Fig. 3) (Benzaghou et ah, 2006, Bisaillon et 
Lemay, 1997, Changela et al, 2001, Gross et Shuman, 1998, Luongo et al, 2000, 
Myette et Niles, 1996, Vasiljeva et al, 2000). La premiere famille regroupe les 
ARN 5'-triphosphatases de metazoaires et de plantes qui possedent la capacite 
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Introduction, Figure 3. Organisation des enzymes de synthese de la structure 
coiffe chez difterentes especes. 
Pour chaque activite de synthese de la structure coiffe, les differentes couleurs represented 
les enzymes possedant line structure on un mecanisme divergeants de la majorite des 
proteines connues possedant cette activite. Les espaces signifient que les activites sont 
retrouvees sur des proteines distinctes. 
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ARNm de maniere metal-independante. Ces enzymes font partie de la famille des 
cysteines phosphatases et catalysent une reaction en deux etapes qui implique la 
formation d'un intermediaire covalent cysteine-phosphate (Ho et al, 1998, Martins 
et Shuman, 2000). La seconde famille d'ARN 5'-triphosphatases comprend les 
enzymes de levures, protozoaires, virus a ADN et certains virus a ARN. Cette 
famille d'enzymes metal-dependants est caracterisee par trois motifs colineaires 
regroupant des acides amines essentiels a leur activite catalytique (Ho et al, 1998, 
Itoh et al, 1984, Shuman, 2000, Yamada-Okabe et al, 1998). L'hydrolyse du 
phosphate y des ARNm par ces enzymes implique la presence d'une molecule d'eau 
a proximite du phosphate cible et, contrairement aux cysteines phosphatases, ne 
requiert pas la formation d'un intermediaire covalent (Lima et al, 1999). La 
resolution des structures tertiaires des ARN5' -triphosphatases de la levure 
Saccharomyces cerevisiae, de souris ainsi que du Baculovirus a permis d'accroitre 
les connaissances sur le site actif de ces diverses proteines (Changela et al., 2001, 
Changela et al., 2005, Lima et al., 1999). Par exemple, l'analyse de la structure de 
l'ARN 5'-triphosphatase de levure a revele que le site actif de cette proteine est 
caracterise par vine structure en forme de tunnel ferme qui est forme par une serie de 
8 feuillets-beta. Base sur la structure tertiaire resolue, un mecanisme catalytique a 
ete propose, suggerant que les acides amines essentiels retrouves a la base du tunnel 
seraient impliques dans la coordination d'un ion divalent qui se situerait a proximite 
du phosphate y de l'ARN pour permettre l'hydrolyse de ce dernier par une molecule 
d'eau (Lima et al., 1999). De plus, plusieurs acides amines localises sur les cotes du 
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tunnel contribueraient a la coordination du phosphate y ainsi que la stabilisation de 
l'etat de transition durant la catalyse (Lima et al, 1999). 
2.2.2 ARN guanylyltransferases 
La seconde etape requise pour la synthese la structure coiffe est catalysee 
par les ARN guanylyltransferases. Cette activite est une reaction en deux etapes de 
type ping-pong, c'est-a-dire une reaction durant laquelle un enzyme interagit avec 
un premier substrat pour generer un premier produit ainsi qu'une forme modifiee de 
1'enzyme qui pourra alors reagir avec un second substrat et relacher un produit final 
(Furuichi et Shatkin, 2000). Dans ce cas-ci, TARN guanylyltransferase reagit 
d'abord avec une molecule de guanosine triphosphate (GTP) pour produire un 
intermediate covalent enzyme-GMP (EpG) avec la relache simultanee de 
pyrophosphate (i). Dans la seconde etape de la reaction, la molecule de GMP est 
transferee a l'extremite diphosphorylee d'un ARNm (ii). 
i) E + pppaG +=± Ep aG + PPi 
ii) Epa'G + pp°pGpN- *=? Ga'pppapGpN- + E 
Ces deux etapes requierent la presence d'ion divalents pour la catalyse, et ont ete 
demontrees comme etant reversibles (Venkatesan et Moss, 1981). 
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La majorite des ARN guanylyltransferases decouvertes font partie de la 
superfamille des ARN/ADN nucleotidyltransferases, qui inclut tant les ADN ligases 
que les ARN ligases (Cong et Shuman, 1993, Wang et al, 1997). Les membres de 
cette famille contiennent un motif conserve KxDG (Lysine-x-Aspartate-Glycine) 
dans lequel la lysine est le residu implique dans le lien covalent avec une molecule 
de GMP chez les ARN guanylyltransferases, ou avec une molecule d'AMP chez les 
ligases (Cong et Shuman, 1993). Plus recemment, une nouvelle classe d'ARN 
guanylyltransferases a ete decouverte chez certains virus de la famille des 
Flaviviridae (Geiss et al, 2009, Issur et al, 2009). Ces enzymes utilisent egalement 
un mecanisme en deux etapes avec la formation d'un intermediaire covalent avec 
une molecule de GMP, mais ne semblent pas posseder de motif KxDG conserve 
chez les autres ARN guanylyltransferases (Issur et al, 2009). 
L'elucidation de la structure tertiaire de la proteine A103R du Paramecium 
bursaria chlorella virus - 1 (PBCV-1) a encore une fois permis d'obtenir un grand 
nombre d'informations sur la reaction d'ARN guanylyltransferase (Hakansson et 
al, 1997, Hakansson et Wigley, 1998). Tout d'abord, deux structures ont ete 
retrouvees dans les cristaux analyses, suggerant un changement impotant de la 
structure de l'enzyme lors de la liaison du GTP, transformant l'architecture de 
l'enzyme d'une forme ouverte a une conformation fermee (Fig. 4A, B). Un modele 
a ete suggere dans lequel ce changement majeur de conformation pourrait 
promouvoir 1'interaction avec un ion metallique divalent et la formation de 
1'intermediaire covalent de la reaction avant le transfert a l'ARN diphosphoryle 
(Fig. 4C) (Hakansson et al, 1997, Hakansson et Wigley, 1998). 
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Introduction, Figure 4. Structure tertiaire de 1'ARN guanylyltransfgrase A103R et 
mecanisme propose pour les ARN guanylyltransfeiases. 
(A) Structure tertiaire de I'ARN guanylyltransferase A103R de PBCV-1 en conformation 
ouverte (rouge) et fermie (blanc). (B) Crista! de la structure tertiaire de A103R en 
presence d'une molecule de GTP. (C) Mecanisme propose pour la reaction d'ARN 
guanylyltransferase. Venzyme (a) interact avec une molecule de GTP pour generer la 
structure (b). S'ensuit un changement conformationnel (c) qui permet la liaison d'un ion 
divalent et la catalyse (d), engendrant une reouverture de la structure de I enzyme (e) qui 
interagit alors avec I'ARNdiphosphoryle (f) pour le transfert du GMP (g) et la reldche du 
produitfinal (Illustrations tirees de Hakansson et al, 1997, Hakansson et Wigley, 1998) 
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2.2.3 ARN (guanine-7) methyltransferases 
La troisieme et derniere etape requise pour la synthese de la structure coiffe 
est la reaction d'ARN (guanine-7) methyltransferase qui, comme son nom 
l'indique, permet le transfer! d'un groupement methyle a la position N7 de la base 
guanine de la coiffe (Ensinger et al, 1975). Jusqu'a present, toutes les ARN 
guanine-7 methyltranferases decouvertes presentent de grandes similitudes et font 
plus speicifiquement partie de la famille des enzymes de transfert de groupements 
d'un carbone (EC 2.1) (Figure 3). Le groupement methyle transfere a la guanine 
provient d'une molecule de S-adenosyl-methionine (SAM). Apres le transfert, il y a 
relache de S-adenosyl-homocysteine (SAH) et de l'ARNm coiffe et methyle. La 
structure tertiaire de l'ARN guanine-7 methyltransferase du parasite 
Encephalitozoon cuniculi a ete resolue separement en presence de SAM, de SAH, 
de m7GpppG et de deux analogues de SAM (Sinefungin et azaSAM) revelant un site 
le liaison pour la coiffe et un second pour tous les derives de S-adenosyl utilises 
(Fabrega et al, 2004, Hausmann et al, 2005, Zheng et al, 2006). Ces structures 
tertiaires suggerent que la catalyse de la methylation en N7 est accomplie par de 
legers changements de conformation permettant d'optimiser 1'orientation et la 
proximite des substrats (Fabrega et al, 2004). Ces derniers demontrent egalement 
que les analogues Sinefungin et azaSAM, capables d'inhiber la reaction d'ARN 
guanine-7 methyltransferase in vitro, interagissent avec l'enzyme de E. cuniculi au 
site de liaison du SAM (Zheng et al, 2006). 
II est important de mentionner que la presence de la methylation en N7 est 
particulierement importante pour la reconnaissance par les differents enzymes cites 
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plus hauts qui interagissent avec la structure coiffe, tels le CBC, eIF4E et Dcp2 
(Niedzwiecka et al, 2002, van Dijk et al, 2002). Les ARNm coiffes, mais non 
methyles, sont moins traduits par les ribosomes que leurs contreparties methyles 
(Sonenberg, 1996). 
2.3 Degradation de la structure coiffe 
Tel que mentionne precedemment, les ARNm ay ant joue leur role dans la 
cellule peuvent etre entreposes pour une reutilisation future ou degrades pour etre 
retires de la circulation cellulaire. Ces deux processus seraient relies et prendraient 
place dans des foci cytoplasmiques nommes corps GW (mieux connus sous le nom 
de "P-bodies") (Garneau et al, 2005, Wickens et Goldstrohm, 2003). Ces foci 
regroupent plusieurs enzymes impliques dans la degradation des ARNm, dont des 
enzymes de degradation de la structure coiffe (Sheth et Parker, 2003, Wickens et 
Goldstrohm, 2003). Chez les metazoaires, les plantes et les levures, les enzymes de 
degradation de la coiffe nommes Dcp2 vont accomplir une activite d'hydrolyse qui 
resulte en le clivage entre les phosphates a et p de la structure coiffe (iii) 
(Gunawardana et al, 2008, She et al, 2006, Steiger et al, 2003, Wang et al, 2002). 
iii) E + m7Ga'pppapRNA — E + m7Ga'ppp + apRNA 
II en resulte la relache d'un groupement GDP methyle en N7 (m7GDP) et d'un 
ARNm avec une extremite 5' monophosphorylee qui est alors sujette a la 
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degradation par les exonucleases 5'-3' egalement retrouvees dans les corps GW 
(Ingelfinger et al, 2002, Tourriere et al, 2002). II existe Egalement un second type 
d'enzymes de degradation de la coiffe, dit 'scavenger' (DcpS), qui peuvent cliver la 
structure coiffe seule non liee a un ARN, et qui permettent de degrader la coiffe 
restante lors de la degradation des ARNm de leur extremite 3' vers 5' sans la 
participation des enzymes de type Dcp2 (Liu et al, 2002). 
Les enzymes de type Dcp2 appartiennent a la superfamille des NUDIX 
hydrolases (McLennan et al, 2006, Mildvan et al, 2005). Les differentes 
hydrolases de cette famille sont tres repandues tant chez les eucaryotes, les 
bacteries, les archees et les virus (McLennan et al, 2006). Plusieurs types de 
pyrophosphatases se retrouvent dans cette famille qui inclue des enzymes qui 
clivent des Nucleosides Diphosphates reliees a diverses autres molecules X 
(NUDIX). L'activite catalytique de ces enzymes depend strictement d'un motif 
NUDIX conserve de 23 acides amines : GX5EX7REUXEEXGU, ou U est un large 
acide amine hydrophobe et X n'importe quel acide amine (Fig. 5A, B, C) 
(Dunckley et Parker, 1999, Liu et Kiledjian 2006). En terme de structure tertiaire, 
ce motif se presente comme une boucle suivie d'une helice a suivie par une seconde 
boucle (Fig. 5 A, B, C). Malgre la tres grande conservation du motif catalytique, les 
differentes NUDIX hydrolases utilise des mecanismes enzymatiques distincts 
(Mildvan et al, 2005). Par exemple, 1'enzyme MutT pyrophosphohydrolase utilise 
deux ions metalliques pour son mecanisme, un des ions interagissant directement 
avec 1'enzyme et le second servant a la coordination des groupements phosphates 
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Introduction, Figure 5. Structure tertiaire d'enzymes de la famille de NUDIX 
hydrolases. 
(A) Structure tertiaire de la proteine Dcp2 de la levure Schizosaccharomyces pomhe 
(PDB2A6T). (B) Structure tertiaire de la pyrophosphatase Ap^A de Caenorhabditis 
elegans (PDB JKTG). (C) Structure du duplexe de I'A DP rihose pyrophosphatase de 
Escherichia coli (PDB 1G9Q). Le motif NUDIX, boucle - helice a - boucle, est presente en 
brim dam les trots structures. 
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Parallelement, la pyrophosphatase AP4A (Fig. 5B) a ete demontree comme utilisant 
un mecanisme a trois ions, le troisieme ion se joignant au complexe pour aider a 
coordonner le nucleophile responsable de l'attaque hydrolytique (Conyers et al, 
2000). Bref, plusieurs NUDIX hydrolases ont ete etudiees et leurs mecanismes ont 
ete demontres comme requerant toujours des ions metalliques pour leur activite, 
mais le nombre de ces derniers varie de 1 a 3 selon les cas. Cependant, le 
mecanisme utilise par les enzymes de type Dcp2 n'a pas encore ete decouvert. II a 
ete suggere que ces enzymes de degradation de la coiffe utiliseraient un mecanisme 
a trois ions divalents (Mildvan et al, 2005). Cette suggestion etant basee sur la 
similarite de la reaction catalysee par ces enzymes et celle de l'ADP-ribose 
pyrophosphatase (Fig. 5C), une autre NUDIX hydrolase pour laquelle trois ions 
metalliques ont ete retrouves au site catalytique lors de la resolution de sa structure 
tertiaire (Gabelli et al, 2002). Plus recemment, une analyse mutationnelle de la 
proteine Dcp2 de la plante Arabidopsis thaliana a mene a la proposition d'un 
mecanisme catalytique requerant la presence de deux ions divalents (Gunawardana 
et al, 2008). Le mecanisme reel utilise par ces enzymes reste a determiner. 
3. La structure coiffe chez les virus 
Les virus infectant les cellules eucaryotes ont developpe plusieurs strategies 
pour assurer la traduction de leurs ARNm. Un grand nombre de virus utilisent les 
enzymes de la cellule qu'ils infectent pour synthetiser la structure coiffe retrouvee a 
l'extremite 5' de leurs ARNm (Babich et al, 1980). C'est le cas pour les 
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herpesvirus, les parvovirus, les papovavirus et les adenovirus. Par contre, de facon 
interessante, plusieurs types de virus incluant les poxvirus, les reovirus, les 
alphavirus, les baculovirus, le virus du Nil occidental, et PBCV-1 encodent pour 
une partie ou la totalite des enzymes requis pour la synthese de leur structure coiffe 
(Benzaghou et al, 2006, Bisaillon et Lemay, 1997, Gross et Shuman, 1998, Luongo 
et al, 2000, Myette et Niles, 1996, Vasiljeva et al, 2000). D'autres virus ont 
developpe des strategies plus excentriques, comme le virus de 1'influenza qui 
utilisent une endonuclease pour couper l'extremite 5' des ARNm cellulaires et ainsi 
subtiliser leur structure coiffe pour coiffer ses propres ARNm (Plotch et al, 1981). 
3.1 Enzymes viraux de synthese de la structure coiffe 
Malgre le fait que la structure coiffe synthetisee par les enzymes viraux ou 
cellulaires est souvent identique, l'organisation physique, la structure et le 
mecanisme catalytique des enzymes viraux impliques dans la synthese de la 
structure coiffe different parfois significativement de ceux des enzymes de la cellule 
hote (Fig. 3) (Shuman, 2000). Par exemple, chez l'humain les activites ARN 5'-
triphosphatases et ARN guanylyltransferase sont retrouvees sur une seule proteine, 
alors que chez les levures et certains virus, ces activites sont retrouvees soit sur des 
proteines differentes, ou sur une proteine incorporant egalement l'activite ARN 
(guanine-7) methyltransferase. Par ailleurs, il a ete demontre que, chez la levure, 
l'ARN guanylyltransferase interagit directement avec l'ARN 5'-triphosphatase pour 
recruter cette derniere au site de synthese de la structure coiffe (Ho et al, 1998). 
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Ces particularites font des enzymes viraux impliques dans la synthese de la 
structure coiffe des cibles potentielles pour le developpement de drogues antivirales 
ou antifongiques ciblant la synthese de la structure coiffe chez ces organismes 
infectieux (Bougie et Bisaillon, 2004, Ho, 1996, Liuzzi et al, 2005). 
Le Paramecium bursaria chlorella virus - 1 (PBCV-1) represente un attrait 
particulier pour 1'etude fondamentale des enzymes de synthese de la structure 
coiffe. Ce virus est un large virus icosahedral a ADN double brin, prototype d'une 
famille de virus qui infectent les algues unicellulaires de type Chlorella (Fig. 6A) 
(Van Etten et al, 1991). Le cycle de replication du virus n'a pas encore ete 
clairement elucide. La replication du virus dans les algues se ferait au noyau a l'aide 
1'ARN polymerase II nucleaire (Van Etten et Meints, 1999, Yamada et al, 2006). 
En outre, deux phases de transcription sont clairement observables chez le virus : 
les plases precoce et tardive. La phase precoce impliquerait la synthese de proteines 
ressemblant a des facteurs de transcription de 1'ARN polymerase II cellulaire. 
Durant la phase tardive, il y a replication du genome d'ADN viral ainsi que la 
formation des virions. II est predit que le virus importerait dans ses virions une 
centaine des proteines qu'il encode (Van Etten et al, 1991, Yamada et al, 2006). 
Nous savons d'ailleurs que PBCV-1 encode pour plus de 375 proteines incluant 
deux enzymes impliques dans la synthese de la structure coiffe, qui se trouvent 
incorpores dans les virions de PBCV-1 (Van Etten et al, 1991, Van Etten et Meints, 
1999, Yamada et al, 2006, Ho et al, 2001). Le gene A449R encode pour une ARN 
5'-triphosphatase de 193 acides amines, alors que le gene A103R est traduit en un 
polypeptide de 330 acides amines arborant l'activite ARN guanylyltransferase (Ho 
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et al, 1996, Ho et al, 2001). Ces deux enzymes representent les plus petits 
enzymes de synthese de la structure coiffe decouverts a ce jour, ce qui en fait 
d'excellents sujets d'etude puisqu'ils comprennent dans leur courte sequence tous 
les elements requis a leur activite catalytique (Hakansson et al, 1997, Ho et al, 
1996, Ho et al, 2001). L'identite de l'enzyme viral ou cellulaire qui serait implique 
dans la methylation de la coiffe pour ce virus n'a pas encore ete elucidee. 
3.2 Enzymes viraux de degradation de la structure coiffe 
Le virus de la vaccine (Vaccinia), par contraste, possede les trois activites 
enzymatiques de synthese de la structure coiffe regroupees en une multiproteine 
exprimee par le virus (Fig. 3) (Shuman et al, 1980, Venkatesan et al, 1980). Ces 
enzymes ont d'ailleurs ete bien caracterises par le passe. Le virus de la vaccine est 
le modele typique des virus de la famille des Poxvirus, gros virus a ADN double 
brin qui se repliquent au cytoplasme des cellules infectees (Fig. 6B, C). 
L'expression genique du virus se fait en trois etapes regulees : la transcription 
precoce, intermediaire et tardive (Broyles, 2003). Le virus importe les enzymes 
requis entre autres pour la transcription precoce d'ARNm et la synthese de la 
structure coiffe. Ces proteines sont exprimees durant la phase tardive de la 
transcription virale et empaquetees dans les virions (Broyles, 2003). L'expression 
sequentielle des genes du virus est regulee par divers facteurs de transcription 
exprimes par le virus lui-meme, ainsi que par certains facteurs le l'hote (Black et 
al, 1998, Gershon et Moss, 1990, Gunasinghe et al, 1998, Knutson et al, 2009). 
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Introduction, Figure 6. Virions de PBCV-1 et du virus de la vaccine. 
(A) Virions icqsahedraux du Paramecium bursaria chlorella virus - 1 observes par 
microscopie electronique. (B) Virions du virus de la vaccine observes par microscopie 
electronique. (C) Cycle de replication du virus de la vaccine. Le virus penetre dans les 
cellules (J) et debute la transcription (2) de genes precoces qui sont traduit par la 
machinerie cellulaire (3). Une partie des proteines est excretee pour agir sur les cellules 
environnantes (4) et d 'autres sont utilisees pour la reldche du genome de la particule virale 
(5) et la replication du genome ADN (6). Les nouveaux brins d'ADN synthetises sont 
egalement utilises pour la replication virale (7) et la transcription de genes intermediates 
(8). Les ARNm intermediates sont traduits (9) et les proteines generees utilisees pour la 
transcription de genes tardifs (10). Ces derniers encodent pour les proteines (11) qui 
constituent les virions. S'en suivent I'assemblage et la maturation des virions avant leur 
sortie de la cellule. (Illustrations adaptees de CDC PHIL, Harrison et ai, 2004, Yan et ai, 
2000) 
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Un fait particulierement interessant sur ce virus est qu'il encode pour les 
premiers enzymes viraux decouverts arborant une activite de degradation de la 
structure coiffe : les proteines issues des genes DIOR et D9R (Parrish et Moss, 
2006, Parrish et Moss, 2007, Parrish et al, 2007). Ces deux enzymes possedent le 
motif NUDIX requis pour en faire des membres de la superfamille des NUDIX 
hydrolases. II a d'ailleurs ete demontre que plusieurs acides amines de ce motif sont 
requis pour leur activite de degradation de la coiffe, qui genere la formation d'un 
ARN monophosphoryle et la relache de m7GDP, comme les enzymes de type Dcp2 
(Parrish et Moss, 2007, Parrish et al, 2007). Ces enzymes seraient conserves chez 
tous les membres etudies de la famille des Poxvirus (Parrish et Moss, 2006). La 
decouverte de la presence d'enzymes de degradation de la coiffe chez des virus 
infectant les mammiferes souleve des implications interessantes au niveau de la 
regulation de 1'expression genique virale et cellulaire. La proteine D10, exprimee en 
phase tardive, semble etre requise pour une replication efficace du virus de la 
vaccine. En effet, la surexpression du gene DIOR reduit drastiquement la synthese 
de proteines virales, alors que sa deletion diminue d'un facteur 10 la formation de 
particules virales par le virus (Parrish et Moss, 2006, Shors et al, 1999). Des effets 
plus moderes ont ete observes pour la deletion du gene D9R, qui est quant a lui 
exprime durant la phase precoce de la replication virale (Parrish et Moss, 2006). II a 
done ete suggere que les proteines D10 et D9 seraient impliquees dans la 
degradation de la coiffe des ARNm viraux pour permettre une transition efficace 
entre les differentes phases de replication du virus (precoce-intermediaire-tardive) 
(Parrish et al, 2007). De facon synergique, ces enzymes viraux pourraient 
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egalement etre impliques dans la degradation des ARNm cellulaires pour diminuer 
leur competition avec les ARNm viraux pour la machinerie traductionnelle. 
4. Objectifs de la recherche 
4.1 Contexte 
L'etude des enzymes viraux impliques dans la synthese et la degradation de 
la structure coiffe des ARNm est tres importante pour deux principales raisons. 
D'abord, il est possible que ces enzymes viraux utilisent des mecanismes 
catalytiques differents des enzymes retrouves chez l'humain, ce qui en ferait des 
cibles interessantes pour le developpement d'antiviraux. Ensuite, si ces enzymes 
s'averent conserves entre les differents organismes vivants, les enzymes viraux de 
synthese et de degradation de la coiffe sont typiquement les plus petits representants 
de leurs classes de proteines, ce qui en fait des sujets ideaux pour la caracterisation 
mecanistique des elements importants pour la catalyse qui se retrouvent tous 
compris dans leur courtes sequences. II semble done important d'etudier les 
mecanismes de reaction de ces enzymes, afin de faire la lumiere sur les points qui 
pourraient les differencier ou les apparenter aux enzymes des metazoaires. 
L'analyse preliminaire de l'ARN 5'-triphosphatase de PBCV-1, dite A449R, 
a revele des ressemblances plus flagrantes entre cet enzyme et les ARN 5'-
triphosphatases de levures que celles encodees par d'autres virus a ADN (Bisaillon 
et Bougie, 2003). Une analyse mutationnelle a suggere que le site actif de la 
proteine A449R serait egalement localise dans un tunnel de feuillets beta, similaire 
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a celui de l'ARN 5'-triphosphatase de S. cerevisiae, et que certains acides amines 
impliques dans la catalyse seraient similaires chez ces deux enzymes. Par contre, 
plusieurs effets mutationnels discordants suggerent l'existence de distinctions au 
niveau du mecanisme de ces deux ARN 5'-triphosphatases metal-dependantes 
(Bisaillon et Bougie, 2003, Gong et Shuman, 2002). Ce genre de differences 
pourraient etre exploitees pour le dessin rationnel d'inhibiteurs et meritent qu'on y 
porte une attention particuliere. 
Pour ce qui est des ARN guanylyltransferases, ces enzymes semblent etre 
beaucoup plus conserves entre les eucaryotes et les virus (Fig. 3). Probablement 
pour cette raison, ces enzymes ont ete moins etudies que les ARN 5'-
triphosphatases. Par contre, la resolution de la structure tertiaire de la proteine 
A103R de PBCV-1 suggere que leur mecanisme d'action est complexe et comprend 
plusieurs intermediaires de reaction incluant au moins un changement structural 
important (Hakansson et al, 1997, Hakansson et Wigley, 1998). Cette etude ouvre 
la voie vers une caracterisation plus poussee du mecanisme utilise par les ARN 
guanylyltransferases. 
Finalement, la decouverte recente d'enzymes de degradation de la structure 
coiffe chez le virus de la vaccine souleve la question de l'utilite de tels enzymes 
pour le virus, mais egalement de la possibility que ces enzymes soient apparentes 
aux enzymes de type Dcp2 retrouves chez les levures, les plantes et les humains. 
Comme le mecanisme de degradation de la structure coiffe n'est connu ni chez les 
enzymes de virus, ni chez les enzymes Dcp2, la caracterisation du mecanisme de la 
proteine D10 pourrait apporter des informations nouvelles tant sur la raison d'etre 
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de cet enzyme viral que sur le mecanisme catalytique utilise par les enzymes de 
degradation de la structure coiffe en general. 
4.2 Objectif general 
L'objectif principal de mes recherches est de faire une caracterisation 
cinetique et mecanistique approfondie de divers enzymes viraux impliques dans la 
synthese et la degradation de la structure coiffe des ARN messagers. 
4.3 Objectifs specifiques 
Mes travaux ont ete effectues sur trois enzymes viraux differents. Ces etudes sont 
done regroupees en trois chapitres qui supportent chacuh un des objectifs suivants : 
1) Caracteriser 1'interaction de 1'ARN 5'-triphosphatase A449R.de PBCV-
1 avec les ions divalents en cherchant les differences ou similitudes 
fonctionnelles entre cet enzyme et l'ARN 5'-triphosphatase de la levure 
Saccharomyces cerevisiae; 
2) Effectuer une caracterisation cinetique complete de la reaction d'ARN 
guanylyltransferase, en utilisant comme modele de recherche la proteine 
A103RdePBCV-l; 
3) Caracteriser le mecanisme de degradation de la structure coiffe de la 




Chapitre 1 - Demonstration de differences fondamentales entre des 
ARN 5'-triphosphatases virale et fongique 
1.1. ARTICLE : Magnesium binding studies reveal fundamental 
differences between closely related RNA triphosphatases 
Marie F. Souliere, Jean-Pierre Perreault et Martin Bisaillon 
Article publie dans la revue NUCLEIC ACIDS RESEARCH, 2008 ; Vol. 36 (2) : 
451-461. 
Implication dans le travail 
Realisation de toutes les experiences 
Redaction du manuscrit, a 1'exception de la discussion 
Creation de toutes les figures 
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RESUME 
L'ARN 5'-triphosphatase du virus Chlorella (cvRTPase) est impliquee dans 
la synthese de la structure coiffe retrouvee a l'extremite 5' des ARN messagers 
viraux et requiert des ions magnesium pour permettre son activite catalytique. Dans 
le but de poursuivre nos etudes precedentes sur le role des ions metalliques dans 
Fhydrolyse des ARN 5'-triphosphatases, nous avons utilise une combinaison de 
spectroscopie a fluorescence, de dichroisme circulaire, d'etudes de denaturation et 
d'analyses thermodynamiques pour evaluer la liaison des ions magnesium a la 
proteine cvRTPase. Par l'utilisation de ces techniques, les forces thermodynamiques 
responsables de 1'interaction des ions metalliques avec une ARN 5'-triphosphatase 
ont ete evaluees pour la premiere fois. Nos analyses thermodynamiques indiquent 
que 1'association initiale du magnesium avec la cvRTPase est dominee par un effet 
entropique favorable, accompagnee de la relache de 8 molecules d'eau de la 
structure de l'enzyme. De plus, les esssais de spectroscopie a fluorescence ainsi que 
de dichroisme circulaire ont indiques qu'un changement conformationnel mineur 
survient lors de la liaison du magnesium. La generation de mutations ponctuelles 
d'acides amines de la cvRTPase a permis de confirmer l'importance de trois 
glutamates specifiques localises au site actif de l'enzyme pour l'interaction avec les 
ions magnesium. Finalement, contrairement a 1'ARN 5'-triphosphatase de levure, 
nous demontrons que la liaison des ions magnesium a la proteine virale ne stabilise 
pas l'etat initial d'interaction de l'enzyme avec son substrat ARN. En se basant sur 
les resultats obtenus dans cette etude, nous proposons que la liaison des ions 
magnesium induit une perturbation conformationnelle locale des residus du site 
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actif permettant le positionnement des chaines laterales des acides amines impliques 
dans la catalyse. Nous resultats soulignent les differences fondamentales dans le 
role joue par les ions magnesium dans la reaction d'hydrolyse catalysee par deux 
ARN 5'-triphosphatases evolutivement reliees, issues du virus Chlorella et de la 
levure Saccharomyces cerevisiae. 
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ABSTRACT 
The Chlorella virus RNA triphosphatase (cvRTPase) is involved in the 
formation of the RNA cap structure found at the 5'-end of the viral mRNAs and 
requires magnesium ions to mediate its catalytic activity. To extend our studies on 
the role of metal ions in phosphohydrolysis, we have used a combination of 
fluorescence spectroscopy, circular dichroism, denaturation studies, and 
thermodynamic analyses to monitor the binding of magnesium ions to the 
cvRTPase. Using these techniques, the thermodynamic forces responsible for the 
interaction of metal ions with an RNA triphosphatase were also evaluated for the 
first time. Our thermodynamic analyses indicate that the initial association of 
magnesium with the cvRTPase is dominated by a favorable entropic effect and is 
accompanied by the release of eight water molecules from the enzyme. Moreover, 
both fluorescence spectroscopy and circular dichroism assays indicated that minor 
conformational changes were occurring upon magnesium binding. Mutational 
studies were also performed and confirmed the importance of three specific 
glutamate residues located in the active site of the enzyme for the binding of 
magnesium ions. Finally, in contrast to the yeast RNA triphosphatase, we 
demonstrate that the binding of magnesium ions to the cvRTPase does not lead to 
the stabilization of the ground state binding of the RNA substrate. Based on the 
results of the present study, we hypothesize that the binding of magnesium ions 
induces local conformational perturbations in the active site residues that ultimately 
positions the lateral chains of critical amino acids involved in catalysis. Our results 
highlight fundamental differences in the role of magnesium ions in the 
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phosphohydrolase reactions catalyzed by the cvRTPase and the closely related yeast 
RNA triphosphatase. 
Keywords: RNA triphosphatase, RNA capping, Thermodynamics, Fluorescence 
spectroscopy, Circular dichroism. 
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INTRODUCTION 
The synthesis and maturation of eukaryotic mRNAs are crucial events for 
gene expression. Following mRNA synthesis, eukaryotic mRNAs undergo a series 
of critical modifications before being exported to the cytoplasm where they are 
translated into proteins (1). These processing events include the addition of a cap 
structure at the 5' terminus, the splicing out of introns, the editing of specific 
nucleotides, and the acquisition of a poly (A) tail at the 3' terminus. The eukaryotic 
cap structure found at the 5' end of mRNAs is critical for translation, stability, and 
transport of mRNAs from the nucleus to the cytoplasm (2,3). Synthesis of the cap 
structure occurs co-transcriptionnally on nascent mRNAs and involves three 
enzymatic reactions (2,3). First, an RNA 5'-triphosphatase hydrolyses the y 
phosphate at the 5'-end of the nascent pre-mRNA to generate a 5'-diphosphate end. 
An RNA guanylyltransferase then tranfers a GMP moiety to the diphosphate end of 
the RNA. Finally, an RNA (guanine-7) methyltransferase catalyzes the transfer of a 
methyl group to the N-7 position of the guanine to produce the characteristic 
m7GpppRNA cap structure. 
A number of different viruses use the enzymes of the cell that they infect to 
synthesize the cap structure found at the 5' ends of the viral mRNAs. Such is the 
case for herpesviruses, parvoviruses, papovaviruses and adenoviruses. Interestingly, 
several viruses including poxviruses, reoviruses, alphaviruses, baculoviruses, West 
Nile virus, and Chlorella virus PBCV-1 encode for their own enzymes which are 
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involved in the synthesis of a cap structure (4-9). Although the RNA cap structures 
originating from viral and cellular enzymes are often identical, the physical 
organization of the genes, subunit composition, structure, and catalytic mechanisms 
of the virus-encoded enzymes involved in the synthesis of the RNA cap structure 
are significantly different from those of host cells (2). As a consequence these viral 
cap-forming enzymes are potential targets for antiviral drugs that would inhibit the 
capping of viral mRNAs (10-12). 
Two families of RNA triphosphatases have been identified through the 
purification and characterization of mammalian, yeast, protozoan, and viral 
enzymes. The first family consists of RNA triphosphatases from metazoans and 
plants that possess the ability to catalyze the hydrolysis of the y-phosphate of 
mRNAs (13,14). These metal-independent enzymes belong to the cysteine 
phosphatase family and catalyze a two-step reaction that involves a covalent 
cysteinyl-phosphoenzyme - intermediate (13,14). The second family of RNA 
triphosphatases, encompassing metal-dependent enzymes from fungi, viruses, 
protozoan and microsporidian parasites, is characterized by three collinear motifs 
which include amino acids that are essential for activity (13,15-18). Catalysis by 
these enzymes involves the attack of a water molecule in close proximity to the y-
phosphate with no formation of a covalent intermediate (19). Analysis of the crystal 
structure of both the Saccharomyces cerevisiae (19) and mouse RNA 
triphosphatases (20), in conjunction with the recent crystallization of the 
baculovirus RNA triphosphatase (21), has brought new insights into the enzymatic 
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reactions catalyzed by these metal-dependent proteins. For instance, the structure of 
the S. cerevisiae enzyme revealed a distinctive active site that is characterized by an 
eight-stranded p-barrel that defines a topologically closed tunnel (19). Based on the 
crystal structure, a catalytic mechanism has been proposed in which the essential 
acidic amino acids located on the base of the tunnel would coordinate the essential 
divalent cation that is adjacent to the y-phosphate (19). The essential divalent cation 
would allow the activation of the y-phosphate for attack by water, and the 
stabilization of a pentacoordinate phosphorane transition state (19). Moreover, 
amino acids located on the walls and roof of the tunnel appear to contribute to the 
coordination of the y-phosphate, and to the stabilization of the negative charge on 
the y-phosphate that arises during the formation of the transition state (19). 
Chlorella virus PBCV-1 is the prototype of a family of large icosahedral 
DNA viruses that replicate in the unicellular Chlorella-like green algae (22). 
Analysis of the enzyme revealed that the Chlorella virus RNA triphosphatase 
(cvRTPase) is more closely related to the cellular triphosphatases of fungi (S. 
cerevisiae) than to other DNA virus-encoded RNA triphosphatases (23,24). 
Mutational data suggest that its active site is located within a tunnel similar to that 
of S. cerevisiae and that the amino acids involved in catalysis are similar in both 
enzymes (23,24). However, differences in structure-activity relationships suggest 
the existence of subtle mechanistic distinctions between the metal-dependent 
Chlorella virus and fungal RNA triphosphatases (24). 
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As a first step toward elucidating the nature and the role(s) of the metal ion 
cofactors in the RNA triphosphatase reaction, we had initially characterized the 
binding of metal ions to the S. cerevisiae RNA triphosphatase (25). Metal ions were 
shown to be critical for the stabilization of the ground state binding of the 
phosphohydrolase substrate (25). Structural studies also showed that the binding of 
the metal cofactor did not lead to significant structural modifications of the 
architecture of the yeast RNA triphosphatase (25). Here, we extend our analysis on 
the role of metal ions in the RNA triphosphatase reaction by evaluating the 
interactions of magnesium ions with the Chlorella virus RNA triphosphatase. Using 
a combination of fluorescence spectroscopy, circular dichroism, and denaturation 
studies, we correlated the effect of metal ion binding on the structure and stability 
of the enzyme. Moreover, the thermodynamic forces responsible for the interaction 
of magnesium with the RNA triphosphatase were also evaluated. Our results 
highlight fundamental differences in the role of metal ions in the reactions catalyzed 
by the Chlorella virus and yeast RNA triphosphatases. 
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MATERIALS AND METHODS 
cvRTPase expression and purification 
The Chlorella virus RNA triphosphatase (cvRTPase) was expressed and purified as 
described previously (26). 
Fluorescence measurements 
Fluorescence was measured using an Hitachi F-2500 fluorescence 
spectrophotometer. Background emission was eliminated by subtracting the signal 
from either buffer alone or buffer containing the appropriate quantity of substrate. 
The extent to which ligands bind to the cvRTPase was determined by monitoring 
the fluorescence emission of a fixed concentration of proteins and titrating with a 
given ligand. The binding can be described by Equation 1, 
KD = rcvRTPaseiriieandl (Eq. 1) 
[cvRTPase • ligand] 
where KD is the apparent dissociation constant, [cvRTPase] is the concentration of 
the protein, [cvRTPase -ligand] is the concentration of complexed protein, and 
[ligand] is the concentration of unbound ligand in solution. The proportion of 
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ligand-bound protein, as described by Equation 1, is related to measured 
fluorescence emission intensity by Equation 2, 
AF/AFmax = TcvRTPase • ligandl (Eq. 2) 
[cvRTPase]tot 
where AF is the magnitude of the difference between the observed fluorescence 
intensity at a given concentration of ligand and the fluorescence intensity in the 
absence of ligand, AFmax is the difference at infinite [ligand], and [cvRTPase]tot is 
the total protein concentration. 
If the total ligand concentration, [ligand]tot, is in large molar excess relative to 
[cvRTPase]tQt, then it can be assumed that [ligand] is approximately equal to 
[ligand]tQt. Equations 1 and 2 can then be combined to give Equation 3. 
AF/AFmax = [ligand]tot / (KD + [ligand]tot) (Eq. 3) 
The Kd values were determined from a nonlinear least square regression analysis of 
titration data by using Equation 3, and the stoichiometry of binding was established 
from a linear version of the Hill equation (Equation 4), , 
log[AF/(AFmax-AF)] = rtlog[ligand]-logiT (Eq. 4) 
where n is the order of the binding reaction with respect to ligand concentration and 
K' is the concentration of ions that yields 50% of AFmax. 
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Finally, the Gibbs free energy of binding was established using Equation 5, 
AG = -RT\nKA (Eq. 5) 
where R is the gas constant, T is the temperature, and KA is the association constant 
(KA = 1/K'). 
Circular dichroism spectroscopy measurements 
Circular dichroism measurements were performed with a Jasco J-810 
spectropolarimeter. The samples were analyzed in quartz cells with path lengths of 
1 mm. Far-UV and near-UV wavelength scans were recorded from 200 to 250 nm 
and from 250 to 340 nm, respectively. All the CD spectra were corrected by 
subtraction of the background for the spectrum obtained with either buffer alone or 
buffer containing the ligand. The average of three wavelength scans is presented. 
The ellipticity results were expressed as mean residue ellipticity, [ff], in 
degrees-cm2-dmoi-1. 
Thermal unfolding experiments 
Thermal denaturations were monitored by following the change in CD ellipticity of 
the cvRTPase protein (2 uM) at 222 nm. The samples were heated from 20 to 
90 °C, at a heating rate of l°C/min. The ellipticity results were expressed as mean 
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residue ellipticity, [6], in degrees-cm dmol . The fraction of unfolded protein at 
each temperature was determined by calculating the ratio [0222]/[#222]d, where [#222]d 
is the molar ellipticity for the completely unfolded enzyme. 
Equilibrium unfolding experiments 
For all unfolding experiments, a 2 uM solution of purified cvRTPase was adjusted 
to the desired final concentration of guanidium hydrochloride (Gdm-HCl) and 
incubated for 60 min at 25°C. The intrinsic fluorescence of the protein was then 
monitored as a function of the Gdm-HCl concentration. The parameters AGU (Gibbs 
free energy of unfolding), AGU° (Gibbs free energy of unfolding in the absence of 
denaturant), m (cooperativity of unfolding), and Cm (midpoint concentration of 
denaturant required to unfold 50% of the protein) were obtained as previously 
outlined (27) using Equations 6 and 7. 
AGu = -i?rinA:u (Eq. 6) 
AGU = AGU° - w[Gdm-HCl] (Eq. 7) 
Quenching of the cvRTPase by acrylamide 
Quenching experiments were performed at 25 °C by adding increasing 
concentrations of acrylamide. The excitation wavelength was set at 290 nm, and the 
fluorescence emission spectra were scanned from 300 to 400 nm. The integration 
area between 330 and 360 nm was used for data analysis. The fluorescence 
38 
quenching data in the presence of acrylamide were analyzed according to the Stern-
Volmer equation (28), 
Ff/F^l+KsJLQ] (Eq.8) 
where Fo and F are the fluorescence intensities in the absence or presence of the 
quencher, respectively. Ksv is the dynamic Stern-Volmer quenching constant, and 
[Q] is the quencher concentration. 
When the Stern-Volmer displayed an upward curvature, the static quenching 
concept was used, and the experimental data were fitted to a revised Stern-Volmer 
equation, 
Fo/F=(\+Ksv[Q])em] (Eq. 9) 
where V is the static quenching constant measuring the complex formation between 
acrylamide and the enzyme. 
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Thermodynamics of binding 
The temperature dependence of the association constants (KA) for ligand binding 
was analyzed according to the van't Hoff isobaric equation, assuming that the 
entropy change (AS°) and the enthalpy change (AH°) remained constant over the 
whole range of temperatures (Equation 10). 
\nKA = M ! - MZ (Eq. 10) 
R RT 
ANS binding measurements 
Binding of ANS (l-anilino-8-naphtalenesulfonate) was evaluated by measuring the 
fluorescence enhancement of ANS (50 uM) upon excitation at a wavelength of 
380 nm. The emission spectra were integrated from 400 to 600 nm. 
Release of water molecules during binding of magnesium ions 
The binding of magnesium ions was measured in the presence of different osmolal 
concentrations using both glycerol or ethylene glycol as the neutral solutes. The 
respective binding free energies were then evaluated from Equation 5. As reported 
previously (29), the slope of In KA versus [solute]OSmoiaiity can then be used to 
evaluate the number of water molecules that are released upon ligand binding 
according to Equation 11, 
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din KA / £/[solute]osmoiaiity = - A«w / 55.56 (Eq. 11) 
where Anw is the number of water molecules that are released during the binding 
process, and the 55.56 value is the moles of water found in 1 kg. 
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RESULTS 
Metal ion binding activity of cvRTPase 
Magnesium is the metal ion cofactor which is used by the Chlorella virus RNA 
triphosphatase (cvRTPase) to mediate the hydrolysis of the y-phosphate found at the 
5'-terminus of nascent rnRNAs (23,24). Fluorescence emission spectroscopy was 
used to monitor the direct binding of magnesium ions to the purified enzyme. The 
fluorescence emission spectrum of the purified enzyme in standard buffer at 25°C is 
shown in figure 1A. The emission maximum of the enzyme (333 nm) is blue-shifted 
relative to that of free L-tryptophan (Fig. 1 A), which under the same conditions is 
observed to be at 350 nm. Blue shifts of protein emission spectra have been 
ascribed to shielding of the tryptophan residues from the aqueous phase due to the 
three-dimensional structure of the protein (30). Accordingly, denaturation of the 
protein with 8.0 M urea results in a red shift of „^,ax towards 350 nm (Fig. 1A). 
Analysis of the molar intensity of the fluorescence emission spectrum of the 
cvRTPase revealed a linear change of 2.2 fluorescence intensity units/pM of protein 
(Fig. 1 A). This relatively small change can probably be attributed to small losses of 
proteins from solution through minor aggregation that occurs at higher protein 
concentrations. All subsequent binding experiments were therefore performed at a 
protein concentration of 1 \xM, with the assumption that the binding equilibrium 
was not complicated by the presence of an aggregation equilibrium. 
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Increasing amounts of magnesium were then added to the purified cvRTPase 
protein, and the fluorescence intensity was monitored. We observed that the binding 
of magnesium ions resulted in a decrease in the fluorescence intensity of the 
enzyme (Fig. IB). However both the emission maximum and spectral bandwidth 
were not significantly affected. About 28 % of the intrinsic protein fluorescence 
was accessible to the quencher magnesium ions (Fig. 1C). As a consequence, we 
were able to evaluate the binding parameters by titrating the binding of increasing 
amounts of metal ions to a fixed concentration of the enzyme. Our binding studies 
indicate that the Gibbs free energy of binding (AG) for the interaction of 
magnesium with the enzyme was -8.2 kJ/mol. Analysis of a Hill plot, generated 
from the Mg2+ ion binding data, yielded a Hill coefficient of 1.2, indicating a lack 
of cooperativity (See Supplementary Fig. 1A). Furthermore, a Scatchard plot of 
Mg binding data is linear, providing no evidence for multiple classes of 
independent magnesium ion binding sites, nor of cooperative binding sites (See 
Supplementary Fig. IB). 
Although the free energy of binding provides the overall description 
of the system, defining the entropic and enthalpic contributions to the free energy 
provides a more complete understanding of the forces that drive the protein-RNA 
association. The enthalpic (AH) and entropic contributions (TAS) to the free energy 
of binding (AG = AH - TAS) were evaluated by determining the temperature 
dependence of the association constant (KA) for magnesium ions (Fig. ID). The 
magnesium binding reaction was shown to be exothermic at 25°C with an enthalpy 
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of association of AH= -2.5 kJ/mol. Analysis of a van't Hoff plot for the interaction 
between magnesium and the cvRTPase (Fig. ID) revealed that the TAS value for the 
binding reaction was 5.7 kJ/mol, clearly indicating that the initial metal ion binding 
step is primarily driven by entropy. Furthermore, the binding reaction is clearly 
favourable with the resultant AS° =19 J/mol-K. We next sought to investigate if the 
binding of magnesium to the cvRTPase could be accompanied by the release of 
water molecules in the solvent. The dependence of the thermodynamic parameters 
for the binding of magnesium on the osmolal concentration of the neutral solute 
glycerol was then investigated. As shown in figure IE, the binding free energy 
shows a linear dependence on the solute osmolal concentration. This is consistent 
with an exclusion of the solute molecules (glycerol) upon formation of the 
cvRTPase-Mg complex. The positive sign of the slope defines the net release of 
water molecules that occurs during the process of binding. From a fit of Equation 
11, our results indicate that 8 water molecules (A«w = 8.1) are released from the 
cvRTPase upon binding of magnesium. Note that a similar value of 8 water 
molecules (Aww - 7.7) was also obtained when ethylene glycol was substituted for 
glycerol as the neutral solute (Supplementary figure 1C). Finally, in order to 
evaluate the contribution of the electrostatic interactions in the formation of the 
cvRTPase-Mg complex, binding assays were performed in the presence of 
increasing ionic strength. The data revealed that interaction between the enzyme 
and magnesium is insensitive to ionic strength as similar AG values were observed 
in the presence of high concentrations of KC1 (Supplementary figure ID). 
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Chapitre 1, Figure 1. Binding of magnesium ions to the Chlorella virus RNA 
triphosphatase. 
(A) Background corrected fluorescence emission spectra of the cvRTPase. 1, 
Purified protein in 50 mM Tris-HCl, and 50 mMKOAc, pH 7.5; 2, Purified protein 
after a 2 h exposure to an 8 M solution of urea at 25 °C. Fluorescence spectra were 
recorded at an excitation wavelength of 290 nm. The molar fluorescence of the 
enzyme is shown in inset. Various concentrations of the purified protein were 
assayed in 50 mM Tris-HCl, and 50 mMKOAc, pH 7.5. Emission was monitored at 
333 nm and excitation was performed at 290 nm. (B) Increasing amounts of 
magnesium ions were added to a 1 /JM solution of the enzyme in binding buffer (50 
mM Tris-HCl and 50 mM KOAc, pH 7.5) and the emission spectrum was scanned 
from 310 to 440 nm. (C) A saturation isotherm can be generated from these data by 
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plotting the change in fluorescence intensity at 333 nm as a function of added 
magnesium ions. A double-reciprocal plot is shown in the inset. (D) 
Thermodynamic parameters of the interaction between magnesium and the 
cvRTPase. Binding assays were performed at various temperatures. A van't Hoff 
plot for the interaction between magnesium and the enzyme is shown. The effect of 
temperature on the association constant was evaluated at pH 7.0. (E) The effect of 
a neutral solute (glycerol) on the binding of magnesium to the cvRTPase was 
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Chapitre 1, Figure Supplementaire 1. Binding of magnesium ions to the 
Chlorella virus RNA triphosphatase. 
(A) A Hill plot was generated from the magnesium ion binding data. The plot shows 
a linear relationship with a slope of 1.2, indicating a lack of cooperativity. (B) A 
Scatchard plot was generated from the magnesium binding data. (C) Ethylene 
glycol was also used as a neutral solute to evaluate the effect on the binding of 
magnesium to the enzyme. (D) The effect of increasing ionic strength on the Gibbs 
free energy (AG) for the binding of magnesium to the enzyme was investigated. 
Increasing concentrations of KCl were added to the reactions to generate the 
desired ionic strength. 
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Therefore, it appears that electrostatic interactions are not making a significant 
contribution to the overall binding energy. 
Effect of magnesium ions on the structure of the enzyme 
Structural studies performed with the closely related RNA triphosphatase of S. 
cerevisiae previously revealed that the binding of metal ions does not lead to 
significant structural modifications of the yeast enzyme (25). We therefore intended 
to monitor potential structural modifications that could occur in the cvRTPase. The 
exposure of hydrophobic areas of the cvRTPase was evaluated by measuring the 
binding of l-anilino-8-naphtalenesulfonate (ANS), which interacts with 
hydrophobic patches on the surface of the protein, resulting in an enhancement of 
ANS intrinsic fluorescence (31). Our data revealed that the unliganded enzyme 
binds very weakly to ANS, probably reflecting limited hydrophobic regions at the 
surface of the protein (Fig. 2A). However, a significant increase of the ANS 
fluorescence is observed when the protein is incubated in the presence of saturating 
concentrations of magnesium ions (Fig. 2A). As expected, increasing the urea 
concentrations resulted in a drastic decrease of the emission intensity, as the protein 
with bound Mg2+ became unfolded by the denaturant. Overall, these data indicate 
that magnesium ion binding increases hydrophobic exposure on the surface of the 
cvRTPase. Circular dichroism studies also confirmed that minor structural 
modifications are occurring upon magnesium binding (Supplementary figure 2A 
and 2B). 
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To better understand the conformational changes that occur following the 
binding of magnesium ions to the cvRTPase, quenching experiments were 
performed in the presence of acrylamide. Acrylamide is a non-selective quencher of 
proteins that can penetrate into the interior of the protein matrix (32). Our binding 
studies show that in the absence of denaturant, no significant differences were 
observed between the unliganded enzyme and the enzyme bound to magnesium 
(Fig. 2B). The acrylamide quenching experiments were then performed in the 
presence of increasing urea concentrations and, as seen in figure 2B, the unliganded 
enzyme was significantly more sensitive to acrylamide quenching when the protein 
was denatured with high concentrations of urea. This sensitivity was particularly 
evident in the presence of 2.0 and 4.5 M urea, where the binding of Mg2+ ions 
clearly destabilized the protein and promoted the quenching of the enzyme by 
acrylamide (Fig. 2C and Table 1). Overall, the acrylamide quenching assays 
performed in the presence of increasing urea concentrations indicate that 
magnesium ion binding to the cvRTPase significantly decreases the structural 
stability of the protein. 
Thermodynamic stability 
To further investigate the destabilizing effect of magnesium on the protein 
architecture, guanidium hydrochloride-induced (Gdm-HCl) denaturation studies 
were performed. The intrinsic fluorescence of the enzyme was monitored in the 
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Chapitre 1, Figure 2. Effect of magnesium ions on the structure of the enzyme. 
(A) Binding of ANS to the Chlorella virus RNA triphosphataseUduring urea 
denaturation. The cvRTPase was incubated in the absence (M) or presence (D) of 
50 mM MgCh, and unfolded with various concentrations of urea at 25 °C for 1 
hour. Fluorescence emission was monitored after ANS addition (50 /JM) at an 
excitation wavelength of 380 nm. The integrated fluorescence area between 400 
and 600 nm was evaluated. (B and C) Stern- Volmer plots for the quenching of the 
intrinsic fluorescence of the Chlorella virus RNA triphosphatase by acrylamlde. The 
cvRTPase was incubated in the absence (B) or presence (O) of 50 mM.MgCh, and 
denatured with (B) 0 M, (C) 4.5 M urea at 25 "Cfor 1 hour. The denatured enzyme 
was then titrated with various amounts of acrylamide. Excitation was set at 290 nm, 
and the emission of the fluorescence-integrated area between 320 and 370 nm was 
determined. 
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Chapitre 1, Figure Supplementaire %. Structural consequences of magnesium 
binding to the Chlorella virus RNA triphosphatase. 
Far-UV (A) and near-UV (B) circular dichroism spectra were recorded for the 
cvRTPase. Spectra were recorded for the enzyme both in the absence and presence 
of magnesium (as indicated). Formation of the enzyme-Mg + complex was initiated 
by the addition of 50 mM MgCh to the enzyme (2 fjM). The average of 3 
wavelength scans is presented. 
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Fluorescence spectroscopy assays were performed to evaluate both the 
dynamic Stern-Volmer quenching constant (K^) and the static quenching 
constant (V). The quenching experiments were performed both in the 
absence (- Mg2+) or in the presence (+ Mg2+) of 50 raM Mg2+. 
Chapitre 1, Tableau 1. Quenching of the cvRTPase intrinsic fluorescence by 
acrylamide. 
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Table 2. Thermodynamic unfolding parameters measured by equilibrium 





































































The parameters AGD°U (Gibbs free energy of unfolding in the absence of 
denaturant), m (cooperativity of unfolding), and Cm (midpoint concentration of 
denaturant required to unfold half of the protein) were determined by guanidium 
chloride denaturation and from the integration of the fluorescence intensity. The 
differences in Cm and AGD°U values in comparison to the unliganded proteins 
(cvRTPase and mutants) are also shown (ACm and AAGD°U, respectively). 
Chapitre 1, Tableau 2. Thermodynamic unfolding parameters measured by 
equilibrium guanidium chloride denaturation. 
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the intrinsic fluorescence intensity and a red-shift in the emission maximum, 
reflecting the transfer of tryptophan residues to a more polar environment (data not 
shown). The change of the integrated fluorescence intensity as a function of the 
Gdm-HCl concentration is shown in figure 3A. The cvRTPase structure reacts very 
sensitively to the slightest concentration changes in the lower concentration range 
between 0.5 and 1.5 M where the strongest effects on emission changes are 
observed. No radical changes could be seen at Gdm-HCl concentrations higher than 
2.5 M. The protein displays a smooth transition curve, indicating a cooperative 
unfolding event. The thermodynamic unfolding parameters were determined and 
are presented in Table 2. The denaturation experiments were then carried out in the 
presence of magnesium to evaluate if the binding of metal ions could modify the 
stability of the protein. Incubation of the enzyme with saturating amounts of 
magnesium resulted in a significant modification of the enzyme stability (Fig. 3 A). 
The transitions extended from approximately 0.4 to 1.75 M. Analysis of the 
thermodynamic parameters revealed that the cvRTPase-Mg complex is 
thermodynamically less stable than the unliganded enzyme (Table 2). While half of 
the unliganded cvRTPase was denatured at 1.0 M Gdm-HCl, half denaturation of 
the protein bound to magnesium occurred at 0.7 M. The effects of magnesium on 
the structural stability are also highlighted by the significant differences in the 
values of the respective Gibbs free energies of unfolding (Table 2). Our data 
indicate that the Gibbs free energy of unfolding of the enzyme bound to magnesium 
is decreased by 1.97 kJ-mol"1. Overall, these results indicate that the formation of 
the cvRTPase-Mg complex destabilizes the protein architecture, rendering it more 
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susceptible to chemical denaturation. Interestingly, the binding of cobalt ions, 
which does not support the catalytic activity of the enzyme, did not result in a 
modification of the stability of the protein (data not shown). 
The effects of magnesium on the structural stability of the enzyme were also 
assessed by circular dichroism spectroscopy. Thermal denaturation assays were 
performed both in the presence and absence of magnesium, and unfolding of the 
enzyme was evaluated by monitoring the changes in the a-helix content of the 
protein (222 nm). Thermal denaturation of the unliganded cvRTPase initially 
revealed a midpoint of thermal transition (7m) of 56.8 °C (Fig. 3B). Addition of 
saturating concentrations of magnesium (50 mM) resulted in a shift of the Tm value 
to 51.2 °C. Evaluation of the thermodynamic parameters of unfolding confirmed 
that the binding of magnesium ions to the cvRTPase reduces the structural stability 
of the enzyme (Supplementary table 1). Note that all of the denaturation assays, 
performed either with increasing Gdm-HCl concentrations or by thermal 
denaturation, revealed monophasic unfolding curves, suggestive of a two-state 
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Chapitre 1, Figure 3. Structural consequences of magnesium binding to the 
Chlorella virus RNA triphosphatase. 
(A) Transition curves for GdmHCl-induced unfolding of the cvRTPase were 
monitored both in the absence (Ml) or presence of 50 mMofMg2+ (O). Equilibrium 
unfolding transitions were monitored by integration of the fluorescence intensity. 
(B) Thermal denaturation of the Chlorella virus RNA triphosphatase enzyme. 
Thermal denaturation was recorded for the unliganded protein (M), or the protein 
incubated in the presence of 50 mM MgCh (°). Circular dichroism spectra were 
recorded at a constant wavelength of 222 nm from 20 to 90 °C at a protein 
concentration of 2 fjM. 
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Supplementary Table 1. Thermodynamic unfolding 
parameters measured by thermal denaturation 
Protein Tm Ai/F/ / AS 
°C kJmol1 kJmol'K-1 
cvRTPase 56.8 -138.9 -0 .42 
cvRTPase-Mg 51.2 -175.7 -0 .54 
The thermodynamic parameters of unfolding A//VH 
(van't Hoff enthalpy of denaturation) and AS (entropy 
of denaturation) were determined by thermal 
denaturation of the unliganded cvRTPase and the 
protein bound to magnesium. Temperature-induced 
denaturations were monitored by circular dichroism 
spectroscopy at 222 nm. 
Chapitre 1, Tableau Supplementaire 1. Thermodynamic unfolding parameters 
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Chapitre 1, Figure 4. Consequences of substrate binding on the Chlorella virus 
RNA triphosphatase. 
(A) Near-UV circular dichroism spectra were recorded for the unliganded 
cvRTPase (black line) or the protein incubated in the presence of 20 /JM RNA (blue 
line). The enzyme was also incubated in the presence of 20 JJM RNA and 50 mM 
MgCh (red line). In each case the enzyme concentration was 2 JJM and the spectra 
were recorded from 250 to 400 nm. The average of 6 wavelength scans is 
presented. (B) Guanidium hydrochloride-induced unfolding equilibrium of the 
cvRTPase. Transition curves for GdmHCl-induced unfolding of the unliganded 
cvRTPase (m, black line) or the protein incubated in the presence of 20 JJM RNA (A, 
blue line). The cvRTPase was also incubated in the presence of 20 juMRNA and 50 
mM MgCh (A, red line). Equilibrium unfolding transitions were monitored by 
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Chapitre 1, Figure Supplemental 3. Titration of the Chlorella virus RNA 
triphosphatase with RNA. 
Increasing concentrations of a 5'-hydroxyl RNA substrate of 30 nucleotides were 
added to a 2 [jM solution of the enzyme in binding buffer (50 mM Tris-HCl and 50 
mMKOAc, pH 7.5) and the fluorescence emission spectrum was scanned from 310 
to 440 nm. A saturation isotherm can be generated from these data by plotting the 
change in fluorescence intensity at 333 nm as a function of added RNA. A double-
reciprocal plot is shown in the inset. 
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Structural and mechanistic implications 
While our unfolding analyses confirmed that the binding of magnesium to the 
cvRTPase reduces the structural stability of the enzyme, the circular dichroism 
assays indicated that the binding of metal ions results in a minimal perturbation of 
the tertiary structure of the protein. This raises questions about the conformational 
changes that are required for the formation of the active site of the cvRTPase. In 
order to address this issue, spectroscopic analyses were performed to determine if 
binding of RNA can result in a modification of the cvRTPase structure. Circular 
dichroism analyses were carried out to monitor potential structural modifications 
that could occur in the cvRTPase upon RNA binding. Note that a 5'-hydroxyl RNA 
substrate was used in this assay because the addition of magnesium to a classical 5'-
triphosphorylated RNA would result in the hydrolysis of the substrate and its 
concomitant release from the active site of the enzyme. Preliminary assays were 
therefore performed to evaluate the concentrations of RNA required for optimal 
binding (See Supplementary Fig. 3). As can be seen in 4A, analysis of the CD 
spectra revealed that the protein incubated with both RNA and magnesium 
displayed a different tertiary structure than the unliganded enzyme (Fig. 4A). We 
then tested the effect of RNA binding on the stability of the enzyme using Gdm-
Hcl-induced denaturation and a significant modification of the protein stability was 
observed (Fig. 4B). The Gibbs free energy of unfolding of the cvRTPase bound to 
RNA was thus determined (Table 2). Our data indicate that the Gibbs free energy of 
unfolding of the protein bound to RNA is increased by 1.34 kJ-mol-1. To determine 
if the magnesium could act by stabilizing the ground state binding of the substrate, 
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denaturation studies were performed in the presence of a 5'-hydroxyl-terminated 
RNA substrate. The denaturation assays revealed that the binding of the RNA 
substrate is not affected by the presence of Mg2+ ions (Fig. 4B and Table 2). We 
conclude that magnesium is not involved in the stabilization of the ground state 
binding of the RNA substrate. Note that similar conclusions were reached when the 
denaturation assays were performed with a 5'-diphosphorylated RNA substrate 
(data not shown). 
Mutational analysis 
Analysis of the crystal structure of the closely related yeast RNA triphosphatase 
revealed the presence of a single metal ion which is coordinated by three glutamate 
(Glu-305, Glu-307, and Glu-496) located in the active center of the enzyme (19). 
Previous mutational studies have shown that these glutamate residues, as well as the 
corresponding amino acids of the cvRTPase (Glu-24, Glu-25, and Glu-165), are 
essential for the triphosphatase activity suggesting that these residues are likely 
involved in the coordination of the metal ion (23,24,33). In order to further 
investigate the metal ion binding activity of the cvRTPase, we synthesized a series 
of three enzymatic mutants. Glu-24, Glu-26, and Glu-165 were substituted for 
alanine, and the mutant polypeptides were expressed and purified in parallel with 
the wild-type enzyme. Note that all three mutations elicited a 100-fold decrease in 
RNA triphosphatase activity as judged from the release of inorganic phosphatate 
from a radiolabeled 5'-triphosphate RNA substrate (See Supplementary Fig. 4). The 
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effects of single alanine mutations on the metal ion binding activity were then 
investigated by fluorescence spectroscopy. Substitution of Glu-24 and Glu-165 by 
alanine resulted in a significant decrease in the ability of the enzyme to bind 
magnesium (13% and 10% of the wild-type activity, respectively) (Fig. 5A). 
However, substitution of the Glu-26 residue by alanine had a less pronounced 
impact on the magnesium binding activity (30% of the wild-type activity) (Fig. 5 A). 
We conclude that each of the three glutamate residues (Glu-24, Glu-26, and Glu-
165) is involved in metal ion binding. The effects of these single alanine mutations 
on the stability of the cvRTPase were then investigated by guanidium-hydrochloride 
denaturation. In contrast to the wild-type enzyme, no significant decrease in 
structural stability was observed when the E24A mutant was incubated with 
magnesium (Fig. 5B). Similar results were obtained for both the E26A and El65A 
mutants (data not shown). Overall, our mutagenesis studies revealed the importance 
of three glutamate residues for the binding of magnesium and confirmed that the 
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Chapitre 1, Figure Supplemental 4. RNA triphosphatase activity of the 
cvRTPase. 
A radiolabeled RNA substrate of 31 nucleotides was synthesized with the 
MAXIscript kit (Ambion) using T7 RNA polymerase. The 5'-triphosphorylated RNA 
transcript was synthesized in the presence of [y-nP]GTP from a PCR template 
encoding the first 31 nucleotides of the pBS~KSII+ plasmid (Stratagene) under the 
control of the T7 RNA polymerase promoter. The RNA substrate was purified on a 
denaturing 10% polyacrylamide gel and visualized by ultraviolet shadowing. The 
corresponding band was excised, and then eluted from the gel by an overnight 
incubation in 0.1% SDS/0.5 M ammonium acetate. The RNA was then precipitated 
with ethanol and quantitated by spectrophotometry. RNA triphosphatase reactions 
were then performed in a buffer containing 50 mM Tris-HCl, pH 7.0, 5 mMDTT, 5 
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mM MgCh, 1 pmol of 5 '[y-32PJRNA, and 1 fjM of either the -wild-type cvRTPase or 
the mutant proteins (E24A, E26A, and El 65A). A control reaction (Ctrl) was also 
performed in the absence of protein. The reactions were incubated at 37 °C for 15 
minutes, and stopped by the addition of formic acid (1.25 M). Aliquots of the 
phosphohydrolase reactions were applied to a polyethyleneimine-cellulose TLC 
plate and developed with 0.75 M potassium phosphate, pH 4.3. The release of32 Pi 
was evaluated by scanning the TLC plate with a Phosphqrlmager. The positions of 








Chapitre 1, Figure 5. Characterization of the Chlorella virus RNA triphosphatase 
alanine mutants. 
(A) Fluorescence spectroscopy was used to monitor the binding of magnesium to 
the different cvRTPase mutants. Assays were performed by incubating the wild-type 
cvRTPase (u), E24A (Y), E26A (•), and El 65A (a) mutants (2 fjM) with increasing 
amounts of MgCh- Excitation was performed at 290 nm, and emission was 
monitored from 310 to 440 nm. The saturation isotherms were generated by plotting 
the change in the fluorescence intensity at 333 nm as a function of added 
magnesium. (B) Transition curves for GdmHCl-induced unfolding of the 
unliganded E24A mutant (u), and the mutant in the presence of 50 mM of'MgCh 
(a), were determined. Equilibrium unfolding transitions were monitored by 
integration of the fluorescence intensity. 
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DISCUSSION 
In the present study, we extended our analyses on the role(s) of metal ions in 
the RNA triphosphatase reaction by monitoring the effects of magnesium binding 
on the Chlorella virus RNA triphosphatase, the smallest member of the metal-
dependent RNA triphosphatases family. The use of fluorescence spectroscopy 
allowed us to precisely quantitate, for the first time, the thermodynamic parameters 
associated with the binding of magnesium ions to an RNA triphosphatase. Our 
thermodynamic analyses indicate that the initial association of magnesium with the 
cvRTPase is dominated by a favorable entropic effect. Such entropic changes can 
result from the release of either ions or water molecules to the bulk solvent upon 
ligand binding and/or from conformational changes upon complex formation (34). 
Although we detected minor conformational changes upon magnesium binding, the 
use of circular dichroism clearly demonstrated that these modifications are not 
significant. This suggests that the release of ions or water molecules is most likely 
occurring upon magnesium binding. As evidenced from the binding assays 
performed in the presence of neutral solutes, the interaction of the enzyme with 
magnesium was clearly accompanied by the release of water molecules from the 
enzyme. Moreover, the release of water molecules from the protein caused a 
concomitant favorable increase in the free energy of binding indicating the binding 
is accompanied by the removal of water molecules from the vicinity of the binding 
site supporting the involvement of water release during the binding of magnesium 
to the cvRTPase. Note that control experiments in which the effects of glycerol and 
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ethylene glycol on the structure of the cvRTPase were investigated by circular 
dichroism and revealed that the structure of the enzyme remains unaltered in the 
presence of high concentrations of the solutes (Supplementary Fig. .4). This rules 
out the possibility that the solutes can modify the structure of the enzyme under the 
conditions used in our assays thereby indirectly contributing to the release of water 
molecules. In fact, numerous structural studies have previously shown that both 
glycerol and ethylene glycol are generally excluded from macromolecular surfaces, 
and they do not interact with proteins nor do they alter their conformation (35-41). 
The stoichiometry of the magnesium ion required for the RNA 
triphosphatase activity is an important variable to consider for the mechanistic 
understanding of the RNA triphosphatase reaction. The binding assays performed in 
the present study provide no indication on the precise number of metal ions required 
for catalytic activity. Our data clearly indicate that the cvRTPase can bind 
magnesium in the absence of the RNA substrate. Moreover, a Scatchard plot of 
magnesium binding is linear, providing no evidence for multiple classes of 
independent magnesium ion binding sites, nor of cooperative binding sites (See 
Supplementary Fig. IB). However, the binding of additional metal ions upon RNA 
binding cannot be excluded. It is possible that additional metal binding sites are 
present in the enzyme-substrate complex. In fact, a two-metal mechanism has 
recently been proposed based on synergistic activation of the enzyme by manganese 
and magnesium for both the baculovirus LEF4 RNA triphosphatase and the 
trypanosome RNA triphosphatase (42,43). It has been suggested that one metal 
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could be coordinated by three glutamates while the second metal might entail 
contacts with the a and p phosphates of the RNA substrate (43). Based on 
crystallographic analysis of the yeast RNA triphosphatase, a one-step-in-line 
catalytic mechanism has previously been proposed in which the single metal ion 
coordinated by the glutamate residues residues emanating from the floor of the 
tunnel (Glu305, Glu307, and Glu496), promotes catalysis by stabilizing a 
pentacoordinate phosphorane transition state (19). However, additional roles in the 
reaction chemistry, such as substrate coordination, stabilization of the intermediate 
transition state, or activation of nucleophiles, cannot be excluded. A likely role for 
the potential metal ion bound to the RNA substrate could be in the stabilization of 
the substrate for optimal orientation with the catalytic side chains of the enzyme. It 
is interesting to note that such a stabilizing effect has recently been noted for the 
yeast RNA triphosphatase (25). The fact that the hydrolysis of RNA triphosphate 
ends by cvRTPase is activated by magnesium, but not by manganese or cobalt, 
while the NTPase activity is supported by manganese and cobalt, highlights the 
importance of the metal ion cofactors in catalysis (23). Based on the results of the 
present study, we hypothesize that the binding of magnesium ions probably induces 
local conformational perturbations in the active site residues that ultimately 
positions the lateral chains of critical amino acids involved in catalysis. 
A single metal ion is present in the crystal structure of the closely related 
yeast RNA triphosphatase (19). This ion is coordinated by three glutamate (Glu-
305, Glu-307, and Glu-496) located in the active center of the enzyme (19). 
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Previous mutational studies have shown that these glutamate residues are essential 
for the triphosphatase activity suggesting that these residues are likely involved in 
the coordination of the metal ion (33). Similar mutational studies performed on the 
corresponding residues of the cvRTPase (Glu-24, Glu-26, and Glu-165) also 
revealed the importance of these residues for catalytic activity (22,23). Using a 
combination of fluorescence spectroscopy and denaturation studies, the present 
mutational analysis clearly confirmed that each of these glutamate residues is 
involved in the binding of the metal ion. The informative finding is that the binding 
of magnesium to these catalytically defective mutants is severely decreased but not 
entirely abrogated. Analysis of the crystal structure of the yeast RNA triphosphatase 
revealed that the metal ion is involved in a number of different interactions (19). 
The six coordination sites of the metal ion are entirely occupied through 
interactions with glutamate residues (3 sites), two water molecules (2 sites), and a 
sulfate ion (1 site) which mimics the hydrolyzed y phosphate generated during the 
phosphohydrolase reaction (19). We therefore hypothesize that binding of 
magnesium in the absence of one of the three glutamate residues is not entirely 
abrogated because the coordination sites of the metal ion can still be occupied 
through interactions with other partners. However, since these mutants are 
catalytically defective, this indicates that the active center of cvRTPase is intolerant 
to virtually any perturbations of the metal coordination sphere, highlighting the 
critical role of the enzyme-bound metal ions. 
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The cvRTPase is more closely related to the cellular RNA triphosphatases of 
fungi (S. cerevisiae) than to other DNA virus-encoded RNA triphosphatases. For 
instance, the cvRTPase is encoded by a separate polypeptide (as in yeast) while 
DNA viruses encode a multifunctional enzyme in which the RNA triphosphatase 
and RNA guanylyltransferase activities are linked in cis on a single protein (2). 
Moreover, sequence alignments suggest that its active site |s located within a 
topological tunnel likely to be similar to that of S. cerevisiae, and mutational studies 
have confirmed that most amino acids involved in catalysis are similar in both 
enzymes (22,23,33). However, several differences in structure-activity relationships 
clearly indicated that the two enzymes vary in their reliance on certain residues for 
their respective activities (24). This is perhaps not surprising as the cvRTPase lacks 
several structural elements that are found on the corresponding yeast enzyme (24). 
These elements include the RNA guanylyltransferase binding site, a dimerization 
interface, and an a-helix found on the lateral surface of the yeast enzyme. The 
current study contributes to highlight additional differences between the two related 
enzymes. For instance, previous denaturation studies performed on the yeast RNA 
triphosphatase clearly demonstrated that magnesium is involved in the stabilization 
of the ground state binding of the RNA substrate and involve interactions unrelated 
to those at the scissile phosphate or specific to the transition state (25). However, 
such stabilizing effects were clearly not observed upon magnesium binding to the 
cvRTPase. Moreover, addition of magnesium to the cvRTPase in the absence of the 
RNA substrate led to a significant decrease in structural stability, a property that is 
not shared by the yeast enzyme (25). Finally, structural modifications were noted in 
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the cvRTPase upon RNA binding while our previous structural studies performed 
on the yeast enzyme revealed that the enzyme does not undergo conformational 
changes upon RNA binding (25). Interestingly, stability and structural studies have 
also been performed on the more distantly related RNA triphosphatases of the 
parasitic protozoa Trypanosoma cruzi and T. brucei (44). Metal ion binding studies 
showed that the stability of the T. cruzi enzyme is increased in the presence of metal 
ion while the stability of the T. brucei enzyme remained stable following the 
binding of metal ions (44). In fact, denaturation studies demonstrated that the T. 
brucei enzyme remains stable in the absence of the metal ion. This stability of the T. 
brucei enzyme has been attributed to its high content in cysteine residues, although 
other structural constraints are probably contributing to the stability of the enzyme. 
Clearly, differences between the members of the metal-dependent RNA 
triphosphatases are starting to emerge, and the future determination of additional 
crystal structures should provide additional clues on the reaction chemistry. This is 
further emphasize by the recent characterization of a novel triphosphatase activity 
found in Clostridium thermocellum. Although metal ions are required for the 
phosphohydrolase activity of the protein, mutational studies indicate that distinct 
molecular determinants are involved in both substrate-specificity and structure-
activity relationships of different related triphosphatases. 
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Chapitre 2 - Caracterisation cinetique et thermodynamique de la 
reaction d'ARN guanylyltransferase 
2.1. ARTICLE : Kinetic and Thermodynamic Characterization of 
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RESUME 
Une activite ARN guanylyltransferase est impliquee dans la synthese de la 
structure coiffe retrouvee a l'extremite 5' des ARN messager eucaryotes. L'activite 
ARN guanylyltransferase consiste en une reaction ping-pong en deux etapes. 
L'enzyme reagit d'abord avec une molecule de GTP pour produire un intermediate 
covalent enzyme-GMP avec la relache concomitante de pyrophosphate. Durant la 
seconde etape, le groupement GMP est transfere a l'extremite diphosphorylee d'un 
ARN. Les deux etapes de la reaction ont ete demontrees comme etant reversibles. 
Dans cette etude, nous rapportons une caracterisation biochimique et 
thermodynamique des deux etapes de l'activite de l'ARN guanylyltransferase. du 
Paramecium bursaria Chlorella virus - 1, prototype d'une famille de virus 
infectant les algues vertes. En utilisant une combinaison de spectroscopic a 
fluorescence en temps reel, d'essais cinetiques avec des subtrats radiomarques et 
d'essais d'inhibitions, les parametres cinetiques de l'activite ARN 
guanylyltransferase ont ete determines. Nous avons produit un schema 
thermodynamique integrant toutes les etapes de la reaction en fonction de l'energie 
impliquee a chaque etape. Nous demontrons que la seconde etape de la reaction 
comprend 1'etape limitante tant pour la reaction globale directe que pour la reaction 
inverse. Dans les deux cas, l'interaction avec le substrat d'ARN est l'etape 
requerant le plus haut niveau d'energie, et generant des intermediaires instables qui 
promouvoient l'activite catalytique de l'enzyme. Cette etude presente la premiere 
caracterisation cinetique et thermodynamique complete de la reaction catalysee par 
un enzyme de synthese de la structure coiffe. 
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ABSTRACT 
An RNA guanylyltransferase activity is involved in the synthesis of the cap 
structure found at the 5' end of eukaryotic mRNAs. The RNA 
guanylyltransferase activity is a two step ping-pong reaction in which the 
enzyme first reacts with GTP to produce the enzyme-GMP covalent 
intermediate with the concomitant release of pyrophosphate. In the second step 
of the reaction, the GMP moiety is then transferred to a diphosphorylated RNA. 
Both reactions were previously shown to be reversible. In the present study, we 
report a biochemical and thermodynamic characterization of both steps the 
RNA guanylyltransferase from Paramecium bursaria Chlorella virus - 1, the 
prototype of a family of viruses infecting green algae. Using a combination of 
real-time fluorescence spectroscopy, radioactive kinetic assays, and inhibition 
assays, the complete kinetic parameters of the RNA guanylyltransferase were 
determined. We produced a thermodynamic scheme for the progress of the 
reaction as a function of the energies involved in each step. We were able to 
demonstrate that the second step comprises the limiting steps for both the direct 
and reverse overall reactions. In both cases, the binding to the RNA substrates is 
the step requiring the highest energy, and generating unstable intermediates that 
will promote the catalytic activites of the enzyme. This study reports the first 
thorough kinetic and thermodynamic characterization of the reaction catalyzed 
by an RNA capping enzyme. 
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INTRODUCTION 
The 5' ends of most eukaryotic mRNAs and many viral mRNAs harbor a 
m7GpppN cap structure that plays a critical role in the translation and stability of 
mRNAs (i). Synthesis of this cap structure involves three distinct enzymatic 
activities (2) : (a) the 5' end of pre-mRNAs is initially hydrolyzed to a diphosphate 
end by an RNA triphosphatase ; (b) the diphosphate end of the mRNA is then 
capped with GMP by an RNA guanylyltransferase ; and finally (c) the cap is 
methylated by an RNA (guanine-7) methyltransferase. 
a) pppGpN- —• ppGpN- + Pj 
b) ppGpN- + pppG • = ? GpppGpN- + PP; 
c) GpppGpN- + Ado-Met — • m7GpppGpN- + Ado-Hcy 
The RNA guanylyltransferase activity is a two step ping-pong reaction (1, 2) in 
which the enzyme first reacts with GTP to produce the enzyme-GMP (EpG) 
covalent intermediate with the concomitant release of pyrophosphate (J). In the 
second step of the reaction, the GMP moiety is then transferred to a 
diphosphorylated RNA (if). 
i) E + pppaG •=* EpaG + PPi 
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0) EpaG + ppGpN- *=± GapppCrpN- + £ 
Both reactions were previously shown to be reversible and to require divalent 
cations to occur (5). 
Eukaryotic viruses have developed many strategies to ensure the translation 
of their mRNAs. A number of viruses which replicate in the cytoplasm of the 
infected cells encode for enzymes involved in RNA cap synthesis enzymes (4). 
Other viruses like adenoviruses and influenza virus are known to respectively use 
the enzymes of the host cells to synthesize their cap structure or to steal the cap 
from cellular mRNAs in order to cap their own viral mRNAs (5, 6). Paramecium 
bursaria Chlorella virus - 1 (PBCV-1) is a large icosahedral virus, the prototype of 
a family of viruses infecting green algae, which encodes for more then 375 different 
proteins including two enzymes involved in the synthesis of the cap structure of 
messenger RNAs (7). The A449R gene encodes for an RNA 5'-triphosphatase (8), 
whereas the A103R gene is translated into a single polypeptide of 330 amino acids 
which displays RNA guanylyltransferase activity (9). This protein is the smallest 
enzyme harboring this activity involved in the synthesis of the cap structure of 
mRNAs (9, 10). The identity of the viral or cellular protein involved in the 
methylation of the capping guanosine found at the 5' ends of the PBCV-1 mRNAs 
remains unknown. 
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The PBCV-1 RNA guanylyltransferase is a member of the RNA/DNA 
nucleotidyltransferase superfamily (11, 12) which includes both DNA and RNA 
ligases. The members of this family contain a conserved active site motif KxDG, in 
which the lysine residue is involved in the formation of the enzyme-GMP (capping) 
or enzyme-AMP (ligases) intermediates (11). Elucidation of the crystal structure of 
the PBCV-1 A103R protein has provided insightful information on the RNA 
guanylyltransferase reaction (10, 13). Examination of the crystals suggested that a 
large conformational change occurs upon GTP binding, shifting the structure from 
an open to a closed conformation (10, 13). A model has been suggested in which 
the conformational change encountered upon GTP binding would promote metal 
ion binding and guanylylation (10, 13). 
We report here a biochemical characterization of both steps of the RNA 
guanylyltransferase. In an effort to gain further knowledge on the RNA 
guanylyltransferase reaction, fluorescence spectroscopy, radioactive kinetics and 
filter binding assays were performed in order to evaluate the kinetic parameters 
involved in both steps of the catalytic reaction. The current study provides a 
detailed picture of the energetics involved in the reaction chemistry. Such analyses 
are crucial in order to allow a better understanding of the thermodynamic basis of 
the RNA guanylyltransferase reaction. 
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MATERIALS AND METHODS 
Expression and purification of recombinant A103R protein. A plasmid for 
the expression of a full-length A103R protein (330 amino acids) was generated by 
inserting the Chlorella virus A103R gene between the Nhel and Hindlll cloning 
sites of the pET28a expression plasmid (Novagen). In this context, the A103R 
protein is fused in-frame with an N-terminal peptide containing 6 tandem histidine 
residues, and expression of the His-tagged protein is driven by a T7 RNA 
polymerase promoter. The resulting recombinant plasmid (pET-A103R) was 
transformed into E. coli BL21(DE3) and a 1 L culture of E. coli BL21(DE3)/pET-
A103R was grown at 37°C in Luria-Bertani medium containing 0.1-mg/mL 
ampicillin until the A^oo reached 0.5. The culture was adjusted to 0.4 mM isopropyl-
(3-D-thiogalactopyranoside and 2% ethanol, and the incubation continued at 18°C for 
20 h. The cells were then harvested by centrifugation at 5,000 rpm for 15 min, and 
the pellets stored at -80 °C. All subsequent procedures were performed at 4°C. 
Thawed bacteria pellets were resuspended in 50 mL of lysis buffer A (50 mM Tris-
HC1, pH 7.5, 150 mM NaGl, and 10% sucrose), and cell lysis was achieved by 
adding lysozymeand Triton X-100 to final concentrations of 50 |ag/mL and 0.1%, 
respectively. The lysates were sonicated to reduce viscosity, and any insoluble 
material was removed by centrifugation at 13,000 rpm for 45 min. The soluble 
extract was applied to a 2-mL column of nickel-nitrilotriacetic acid-agarose 
(Qiagen)that had been equilibrated with buffer A containing 0.1% Triton X-100. 
The column was washed with the latter buffer and then eluted stepwise with buffer 
85 
B (50 raM Tris-HCl, pH 8.0, 100 mM NaCl,and 10% glycerol) containing 50, 100, 
200, 500, and 1000 mM imidazole. The polypeptide composition of the column 
fractions was monitored by SDS-PAGE. The recombinant A103R protein was 
retained on the column and recovered in the 500 and 1000 mM imidazole eluates. 
Following a 2 h dialysis against buffer C (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 2 
mM dithiothreitol, 10% glycerol) with 5 mM potassium pyrophosphate, a second 2 
h dialysis was performed against buffer C alone. The protein concentration in the 
recovered fraction was determined by the Bio-Rad dye binding method using 
bovine serum albumin as the standard, and the proteins were stored at -80°C. 
Purification of the EpG complex. The purified A103R protein was allowed 
to react with [a-32P]GTP in presence of 5 mM MgCl2, 50 mM Tris-HCl (pH 8.0), 5 
mM DTT, 1.25 |J.g/mL inorganic yeast pyrophosphatase (Roche), to produce the 
covalent intermediate Ep[a- ]G. The covalent intermediate was applied to a 2-mL 
column of nickel-nitrilotriacetic acid-agarose (Qiagen) that had been equilibrated 
with buffer A containing 0.1% Triton X-100. The column was washed with the 
latter buffer and then eluted stepwise with buffer B (50 mM Tris-HCl, pH 8.0, 100 
mM NaCl, and 10% glycerol) containing 50, 100, 200, 500, and 1000 mM 
imidazole. The polypeptide composition of the column fractions was monitored by 
SDS-PAGE. The radiolabeled EpG intermediate was retained on the column and 
recovered in the 500 and 1000 mM imidazole eluates while the remainings of [a-
32P]GTP, ions and pyrophosphatase were eluted in lower fractions. The presence of 
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the radiolabeled intermediate was revealed by autoradiography with a 
Phosphorlmager (Amersham Biosciences). The extent of protein guanylation was 
observed by Coomassie staining, and an efficency of 100% was commonly 
observed. 
Radioactive pyrophosphate synthesis. Reaction mixtures containing 50 mM 
Tris-HCl (pH 8.0), 5 mM DTT, 5 mM MgCl2, 10 uL of [y-32P]GTP and 10 \iM 
A103R protein were incubated at 30°C for 10 min. Unlabeled GTP (500 uM) was 
then added to the mixture and further incubation was done at 30°C for 15 min. The 
reaction was stopped with 20 mM formic acid and then spotted on a thin layer 
chromatography (TLC) sheet with controls of GTP and pyrophosphate. The TLC 
was migrated for 1 h in a migration buffer (1 M formic acid and 1.5 M LiCl). The 
pyrophosphate migration was then observed by UV shadowing and the matching 
layer portion was scraped off, and pyrophosphate was eluted overnight in 700 pL 1 
M Tris-HCl, pH 7.5. After a 1 min centrifugation at 13 000 rpm, the solution 
containing the radiolabeled pyrophosphate was retrieved and frozen at -20°C until 
further use. 
Diphosphorylated and capped RNA substrates synthesis. An RNA substrate 
of 81 nucleotides was synthesized using a PCR template encoding for the 
5'terminal portion of the PBCV-X DNA polymerase gene, with a T7 RNA 
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polymerase promoter. For some experiments, the 5'-triphosphorylated RNA 
transcript was synthesized in the presence of [y-32P]UTP. Following transcription, 
the RNA substrate was purified on a denaturing 8% polyacrylamide gel and 
visualized by ultraviolet shadowing. The corresponding band was excised, and then 
eluted from the gel by an overnight incubation in 0.1% SDS/0.5 M ammonium 
acetate. The RNA was then precipitated with isopropanol and the pellet was 
resuspended in nanopure water. The purified 5'-triphosphorylated 81-nucleotide 
RNA was further processed using the Chlorella virus RNA 5'-triphosphatase 
(cvRTP) to obtain a diphosphorylated 5' end. The diphosphorylated RNA (ppRNA) 
was purified on 8% polyacrylamide gel and the corresponding band excised/After 
precipitation and resuspension, the RNA subtrate was either quantitated by 
spectrophotometry and stored at -20°C, or allowed to incubate with 100 uM cold or 
radiolabeled EpG complex for 2 h to produce capped RNA (GpppRNA). This 
capped RNA was again purified on polyacrylamide gel, excised, precipitated and 
stored. 
Fluorescence measurements. Fluorescence was measured using a Hitachi F-
2500 fluorescence spectrophotometer. Subtracting the signal from either buffer 
alone or buffer containing the appropriate quantity of substrate eliminated 
background emission. 
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The extent of ligand binding to the A103R protein was determined by 
monitoring the fluorescence emission of a constant concentration of proteins and 
titrating with a ligand of interest. Binding can then be described by Equation 1: 
KD = rA103Rl[ligand1 
[A103R«ligand] (Eq. 1) 
where KQ is the apparent dissociation constant, [A103R] is the concentration of the 
protein, [A103R»ligand] is the concentration of complexed protein, and [ligand] is 
the concentration of unbound ligand. The measured fluorescence intensity is related 
to the proportion of ligand-bound protein by Equation 2: 
AF/AFmax = [A103R«ligand]/[A103R]tot (Eq. 2) 
where AF is the observed variation between the fluorescence intensity at a given 
ligand concentration and the fluorescence intensity in the absence of ligand, AFmax 
is the difference at infinite [ligand], and [A103R]tot is the total protein concentration 
in solution. 
If the total ligand concentration, [ligand]tot, is in large molar excess relative 
to [A103R]tot, then it can be assumed that [ligand] (unbound ligand) is 
approximately equal to [ligand]tot- With that assumption, we can combine Equations 
1 and 2 to give Equation 3: 
AF/AFmax = [ligand]tot/(^D + [ligand]tot) (Eq. 3) 
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The ATD values were determined from a nonlinear least square regression analysis of 
titration data by using Equation 3. 
First step association rate constant measurements. Real-time GTP binding 
experiments were performed by fluorescence spectroscopy using a F-2500 
fluorescence spectrophotometer. Twenty \ih of GTP solutions (0.01-10 mM final) 
were injected at a predetermined time to 100 uL of 10 uM protein samples in 
binding buffer (50 mM Tris-HCl, pH 7.5, and 10 mM NaCl). The samples were 
excited at 290 nm and the fluorescence was monitored as a function of time at 332 
nm. The results were corrected for the dilution factor by subtracting the relative 
curves obtained by injection of buffer alone to the samples. The results were 
analyzed using one phase exponential association curves. 
First step dissociation rate constant measurements. Dissociation reaction 
mixtures containing 50 mM Tris-HCl (pH 8.0), 5 mM DTT, 0.5 mM EDTA, 1 mM 
[a-32P]GTP and 10 pM A103R protein were incubated at 30°C for 15 min. In order 
to dissociate the bound labeled-GTP, 5 uL of 500 mM cold GTP were added to 20 
\sL of reaction mixtures and the reactions were then stopped at various time (0.5-10 
sec) by adding trichloroacetic acid (TCA) to a final concentration of 12% and 0.75 
mg/mL bovine serum albumin (BSA) {14). The stopped reactions were then 
allowed to precipitate on ice for 30 min, then centrifuged at 13 000 rpm for 15 min. 
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Supernatants were removed and pellets were washed with ethanol and centrifuged 
again for 5 min at 13 000 rpm. Again the supernatants were removed and samples 
were left to dry at room temperature for 15 min. The remaining bound radioactive 
GTP was measured using a TriCarb 2200-CA liquid scintillation analyser. The 
dissociation data were analyzed using one-phase exponential decay curve analysis. 
Inhibition assays. Reaction mixtures containing 50 mM Tris-HCl (pH 8.0), 5 
mM DTT, 5 mM MgCl2 and various [a-32P]GTP concentrations (0.01-10 mM) 
were incubated in the presence of increasing concentrations of tetrapotassium 
pyrophosphate (0.05-50 mM) or sodium phosphonoformate tribasic hexahydrate 
(foscarnet) (0.5-10 mM). The inhibition reactions were stopped by the addition of 
50% standard protein loading buffer. The samples were analyzed by migration on 
12% SDS-PAGE, and inhibition of the formation of the covalent intermediate was 
monitored by autoradiography. 
Forward reactions kinetic assays. Reaction mixtures containing 50 mM Tris-
HCl (pH 8.0), 5 mM DTT, 5 mM MgCl2, and various concentrations of [a-32P]GTP 
(1-100 ixU) or ppRNA (0.01 -5 uM) were pre-incubated at 30°C for 15 min. 
Reactions were started by adding 10 uM A103R protein or 100 nM [a- P]EpG, 
respectively and stopped at the predetermined times (10-480 sec and 1-40 min 
respectively) by 0.15 mM EDTA, 2.5% SDS and standard protein loading buffer or 
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RNA loading buffer. Samples were then migrated on a 12% SDS-PAGE for 3 to 4 h 
or an 8% polyacrylamide gel for 1 h and the covalent intermediate (EpG) or 
GpppRNA formation was detected by autoradiography using a Phosphorlmager 
(Amersham Biosciences). For the first step forward reaction, 1.5 jag/mL inorganic 
yeast pyrophosphatase (Roche) was added to the reaction mixtures 
Reverse reactions kinetic assays. Reaction mixtures containing 50 mM Tris-
HC1 (pH 8.0), 5 mM DTT, 5 mM MgCl2, 30 u of RNA guard (Amersham) and 
various concentrations of PPi or A103R protein (1-100 and 0.5-50 ^M 
respectively) were pre-incubated at 30°C for 15 min. The reactions were initiated by 
adding 1.6 ^M radiolabeled EpG complex or 1 jxM GpppRNA and stopped at the 
predetermined times (10-480 sec and 1-60 min) by either 150 mM EDTA, 2.5% 
SDS and standard protein loading buffer or RNA loading buffer. The samples were 
then migrated on a 12% SDS-PAGE for 3 to 4 h or an 8% polyacrylamide gel for 
lh, and GTP or EpG formation was detected by autoradiography using a 
Phosphorlmager. For the second step reverse reaction, l|4.g/mL antarctic 
phosphatase (NEB) was added to the reaction mixtures. 
Radioactive pyrophosphate binding assay. Reaction mixtures containing 
either 50 mM Tris-HCl (pH 7.5), 10 mM NaCl, 10 uM A103R protein, or 50 mM 
Tris-HCl (pH 7.5), 10 mM NaCl, 10 uM EpG covalent intermediate, 50 mM 
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EDTA, and increasing concentrations of PPj (0.05 to 5.0 mM), containing traces of 
[P-32P]PPi, were incubated at 30°C for 15 min. The reactions were then precipitated 
by adding trichloroacetic acid (TCA) to a final concentration of 12% and BSA 0.75 
mg/mL. The stopped reactions were then allowed to precipitate on ice for 30 min, 
then centrifuged at 13 000 rpm for 15 min. The supernatants were removed and the 
pellets were washed with ethanol and centrifuged for 5 min at 13 000 rpm. Again 
the supernatants were removed and samples were left to dry at room temperature for 
15 min. The remaining bound radioactive PPj was measured by TriCarb 2200-CA 
liquid scintillation analyser. The binding data were analyzed using a nonlinear least 
square one-site binding regression. 
RNA binding assay. Reaction mixtures containing 50 mM Tris-HCl (pH 
7.5), 10 mM NaCl, 100 nM EpG covalent intermediate, 50 mM EDTA, and 
increasing concentrations of [a-32P]capped, di- or triphosphorylated RNA (0.25 to 
40 uM) were incubated at 30°C for 30 min. Reaction samples were filtrated on a 
0.45 um mixed cellulose membrane (Millipore), pre-damped with 1 mL 50 mM 
Tris-HCl, and washed with 2 mL 50 mM Tris-HCl. The membranes were recovered 




Expression of A103R and kinetic pathway. In order to determine the 
complete kinetic parameters of the RNA guanylyltransferase reaction, a His-tagged 
version of the A103R protein was expressed in E. coli, and purified by nickel-
agarose chromatography (Fig. 2A). The purified protein was then dialyzed in the 
presence of potassium pyrophosphate and magnesium to ensure a homogenous 
nonguanylylated enzyme. The characterization of the kinetic parameters for the 
RNA guanylyltransferase reaction, which includes the interaction of the enzyme 
with GTP in the presence of a divalent cation to form a covalent intermediate EpG 
complex with the concomitant release of pyrophosphate (step 1), and then the 
transfer of the GMP moiety to a diphosphorylated RNA end again in presence of a 
divalent cation and further release of the capped RNA product (step 2) was 
undertaken with the purified recombinant A103R protein. Throughout this study, 
many reaction intermediates of the RNA guanylyltransferase reaction were isolated 
(Fig. 1), and the kinetic and thermodynamic parameters involved in the transitions 
from one state to another were determined (Fig. 1). 
GTP interaction with A103R. Fluorescence spectroscopy was used to 
monitor the initial binding of GTP to the enzyme. Using the intrinsic fluorescence 
properties of the protein, we excited the A103R protein at a wavelength of 290 nm. 
Both tryptophans and tyrosines absorb at this wavelength (15). The protein in 
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*-3 * . . ft, 
Chapitre 2, Figure 1. RNA guanylyltransferase reaction. 
An overall view of each steps of the RNA guanylyltransferase reaction. The kinetic 
constants to be determined are indicated. 
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Time (sec) GTP (mM) 
Chapitre 2, Figure 2. Binding of GTP to the A103R protein. 
(A) Coomassie stained polyacrylamide gel of the purified A103R protein. (B) 
Increasing amounts of GTP (0 juM (m), 50 JUM (A), 500 juM(V) and 2 mM (o) were 
added to a 10 piM solution of the enzyme in binding buffer (50 mM Tris-HCl and 50 
mMKOAc, pH 7.5), and the fluorescence emission spectrum was scanned from 310 
to 440 nm. (C) A saturation isotherm can be generated from these data by plotting 
the change in fluorescence intensity at 332 nm as a function of added GTP. (D) 
Analysis of real-time binding of GTP to the A103R protein. A 10 pM solution of the 
enzyme was injected ([) after 180 seconds with (4) 50 fiM, (o) 100 JXM, (A) 500 
HM, (a) 1 mM, (•) 2.5 mM, (V) 5 mM or (m) 10 mM GTP. Excitation was 
performed at 290 nm and emission was monitored for 45 sec at 332 nm. (E) The 
observed initial rate constants (k0bs) were plotted as a function of added GTP both 
in the absence (m) or presence (A) of 5 mMEDTA. 
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^D-GTP (mM) 0.50 ±0.09 
^D-GTP-EDTA C"^) 0.63 ±0 .15 









5.5 ± 0.6 
^D-PPi-2 ('"M) 
^D-ppRNA (^ M ) 












0.0069 ± 0.0009 
0.00055 ± 0.00006 
1.9 ±0.1 
0.22 ±0.04 
Chapitre 2, Tableau 1. Equilibrium and rate constants. 
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standard buffer at 25°C produced a maximal peak of fluorescence emission at 332 
nm (Fig. 2B). The addition of GTP to the A103R protein resulted in a significant 
decrease in the fluorescence emission of the protein, which allowed us to monitor 
the association of GTP to A103R by measuring the variation of the fluorescence 
upon addition of increasing GTP concentrations (Fig. 2B). GTP alone in buffer did 
not yield any significant fluorescence emission when excited at 290nm. A KD-GT? 
value of 0.50 ± 0.09 mM was determined for the binding of GTP to A103R (Fig. 
2C, Table 1). A similar constant, 0.63 ±0.15 mM, was obtained in the presence of 
EDTA. 
Real-time fluorescence spectroscopy assays were also performed to evaluate 
the association rate constant of GTP to A103R. As shown in Fig. 2D, increasing 
concentrations of GTP show an increase in the association rate as a function of the 
GTP concentration added. Note that all fluorescence spectroscopy data were 
corrected for dilution effect. The initial rates of association for each curve were then 
estimated and plotted as a function of injected GTP concentrations (Fig. 2E). An 
association rate constant (ki) of 5.0 ± 0.5 sec_1mM_1 (Table 1) can be calculated 
from the initial slope of the generated data (16). 
The A103R protein requires a divalent cation, either magnesium or 
manganese, to perform its activity (9). The involvement of the divalent cation in the 
binding of GTP to A103R was evaluated by performing similar fluorescence 
spectroscopy experiments in the presence of 5 mM EDTA. This was done in order 
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to chelate the divalent ions that could be present in solution. The GTP association 
rate constant determined in the presence of EDTA was equivalent to the constant 
determined in absence of EDTA (Fig. 2E, Table 1), implying that no divalent cation 
is required for the initial binding of GTP to the enzyme. In addition, since 
magnesium or manganese are required for the catalytic actvity of the enzyme, we 
initially intended to measure the binding of magnesium to the A103R protein by 
real-time fluorescence spectroscopy. No changes in the fluorescence of A103R 
could be observed upon addition of up to 50 mM MgCb to the enzyme (data not 
shown). We conclude that, in agreement with previous studies (10, 13), the divalent 
cation cofactor required for activity does not bind to the apo-enzyme, but only to 
the protein following the binding of GTP. 
We then sought to evaluate the dissociation rate constant (k-\) for GTP using a 
simple competition experiment. An excess of unlabeled GTP was added to the 
E-GTP intermediate, and the dissociation was monitored as a function of time, by 
stopping the reaction at various time with TCA precipitation (Supplementary data 
1). In order to obtain a satisfying dissociation rate constant, a high excess of 
competitive GTP was used. An excess of 100-fold unlabeled GTP versus 
radiolabeled GTP was used in this assay, and a £_i value of 5.7 ± 0.4 sec-1 was 
obtained (Table 1). In fact, a 20-fold excess was enough to obtain a maximal 











Chapitre 2, Figure Supplementaire 1. GTP dissociation rate constant. 
Dissociation of f2P]a-GTP as a function of time from the E'GTP intermediate 
evaluated by the addition of 100 mM unlabeled GTP is shown. 
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Chapitre 2, Figure 3. Binding of pyrophosphate by A103R. 
(A) Increasing amounts of radiolabeled PPt were added to a 10 pM solution of the 
A103R protein and the radioactive counts after TCA precipitation were evaluated 
and plotted as a function of the PPt concentration. (B) Double reciprocal plot of the 
inhibition of EpG formation in presence ofOfiM(m), 50 fiM (A), 1 mM (V), 5 mM 
(o) pyrophosphate in solution. (C) Double-reciprocal plot of the inhibition of EpG 
formation in presence of0fxM(m), 500 fxM (A), 1 mM(V), 5 mM (o) of foscarnet. 
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We found this later experiment to possess a technical limitation. Time points 
below 0.5 seconds proved technically impossible to measure with consistency. 
However, we are confident that the constants obtained by this method are relevant, 
and we can address this certainty by mathematical calculations. The constants for 
the interaction of the GTP to the A103R (K&, k\ and k-\) were evaluated here using 
three different technique and their concordance can be established using the formula 
Ku = &_i / k\. We can calculate that, including the error bars, there is a 2 to 2.5-fold 
variation between the calculated and technically evaluated constants for this 
equivalence. This variation is likely due to the comparison of 3 different techniques 
and is acceptable for such kinetic analysis. 
Inhibition of the first step forward reaction by pyrophosphate. The presence 
of pyrophosphate in solution has been shown to strongly inhibit the forward RNA 
guanylyltransferase reaction (9). We therefore decided to investigate the binding of 
pyrophosphate to the A103R protein. In order to monitor the binding of 
pyrophosphate to the A103R protein, radiolabeled pyrophosphate was generated as 
described under "Material and Methods". The A103R protein was incubated in the 
presence of increasing radiolabeled pyrophosphate concentrations, and then 
precipitated using trichloroacetic acid (TCA). The pellets were washed and the 
radioactive counts were determined for each pyrophosphate concentration. A 
^D'PPi-i value of 0.09 ± 0.02 mM was determined for the binding of pyrophosphate 
to the enzyme (Fig. 3A), indicating that the protein has a five-fold higher affinity 
for pyrophosphate versus GTP (Table 1). Note that control precipitation 
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experiments were performed with pyrophosphate alone. 
We then carried inhibition kinetic assays where the reactants for the RNA 
guanylytransferase reaction were incubated in the presence of various initial 
pyrophosphate concentrations. The complex formation was monitored as a function 
of GTP concentration in the presence of increasing amounts of pyrophosphate. A 
signifiant decrease in the Fmax is observed even at low pyrophosphate 
concentrations, while the Km remains constant (Supplementary Table 1). We 
evaluated a ATi.ppiof 0.8 mM and showed the inhibition by the pyrophosphate to be 
non-competitive inhibition, as outlined by Lineweaver-Burk graph (Fig. 3B). For an 
equimolar concentration of GTP and pyrophosphate (1 mM each), an inhibition of ~ 
75% of the maximal complex formation is produced. The ^.PPJ obtained is a log 
higher then the ATp-ppi, most likely because in the presence of GTP the enzyme can 
undergo a conformational change that shields the PPi binding site, decreasing its 
binding opportunities. We also evaluated the ability of a pyrophosphate analog, 
foscarnet, to inhibit the RNA guanylyltransferase reaction. The same assays were 
made using various concentrations of foscarnet, and non-competitive inhibition 
with a #i-fosCof 2.0 mM was observed (Fig. 3C, Supp. Table 1). Again, a noteworthy 
inhibition is obtained by addition of increasing concentration of this compound, and 
an inhibition of 30% of maximal complex formation is observed for equimolar 
concentrations of GTP and foscarnet in solution . We conclude that foscarnet is a 
potent inhibitor of the RNA guanylyltransferase reaction, albeit to a lesser extent 
than pyrophosphate. 
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Supplementary Table 1: Kinetic parameters for the inhibition of 
the first step of the RNA guanylyltransferase reaction 
Constant Without inhibitor With PP; With Foscarnet 
^ ' ( m M ) 0.13 ±0.2 1.18±0.03 1.15±0.02 
Fmax' (nmolessec1) 0.11 ± 0.04 0.05 ± 0.04 0.08 ± 0.02 
K{ (mM) - 0.8 2.0 
Chapitre 2, Tableau Supplemental 1. Kinetic parameters for the inhibition of 
the first step of the RNA guanylyltransferase reaction. 
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Chapitre 2, Figure Supplemental 2. Limiting step of the first part of the RNA 
guanylyltransferase reaction. 
The formation of the covalent enzyme-GMP (EpG) intermediate was monitored as a 
function of time in the presence of 10 y.M A103R and 10 nM GTP. The A103R 
protein is either added last to the reaction (m) or is allowed to bind to GTP before 
the addition ofMgCh (5 mM) (A). 
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Chapitre 2, Figure Supplemental 3. RNA guanylyltransferase reaction. 
EpG formation for 10 /uM enzyme with 0.1 piM f*2P]a-GTP in standard buffer is 
monitored as a function of time on SDS-PAGE in the absence (A) or presence (B) of 
1.25 jig/ juL pyrophosphatase. The positions of free radiolabeled GTP and of the 
EpG complex are indicated. 
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Kinetics of the first step forward reaction. The forward reaction was initially 
investigated under two different conditions, one in which the protein was added last 
to enable the reaction to occur, and the other where the enzyme was allowed to bind 
to GTP and undergo any needed conformational change before the addition of the 
magnesium which is required for the reaction. The plots obtained in the presence of 
10 uM GTP showed that the initial rate of reaction at 30°C is the same whether the 
enzyme was previously bound to GTP or not (Supplementary data 2), indicating 
that the limiting step at this temperature is the catalytic part of the reaction, and that 
both the rates of GTP binding and the conformational change are negligible in 
comparison. 
We then intended to evaluate the kinetic parameters of this reaction. As 
observed in previous studies, the RNA guanylyltransferase reaction is relatively 
inefficient (J). This lack of efficiency can be attributable in part to the inhibition of 
the first step by the pyrophosphate reaction product. Moreover, previous studies 
have not always used pyrophosphate in their dialysis purification protocols to 
ensure that the enzyme was in the apo-enzyme form before kinetic characterization 
(3, 9). While trying to perform kinetic assays with the A103R protein, where we 
monitored the use of radiolabeled GTP for formation of an EpG complex as a 
function of time, we observed only a small amount of product formation that was 
constant over time (Supplementary data 3A). The same experiment performed in 
presence of 1.25 ug/mL pyrophosphatase yielded more satisfying results, showing 
both an increase of the complex formation and a complete use of the radiolabeled 
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GTP as a function of time (Supplementary data 3B). 
The kinetic constants for the first step of the RNA guanylyltransferase 
reaction were evaluated by radioactive assays where the formation of EpG as a 
function of time could be monitored following SDS-PAGE (Fig. 4A). All the first 
step forward reaction kinetic assays were conducted in the presence of 
pyrophosphatase to ensure that the reaction was driven in the desired forward 
direction. Moreover, the constants are obtained in a single-turnover environment 
since the enzyme is covalently bound to GMP at the end of the reaction, and is not 
available for another round of catalysis. This allowed us to use GTP concentrations 
varying from 10-fold below to 50-fold over the enzyme concentration in solution to 
obtain appropriate values to calculate the catalytic parameters of the protein. All the 
reactions did not reach the same end-point because concentrations lower than the 
Ko were used. We calculated the relative quantity of complex formation for various 
initial GTP concentrations (Fig. 4B), and the initial rates derived from the plots of 
each of the latter GTP concentrations were plotted as a function of their 
corresponding initial GTP concentrations, yielding a first order rate constant (Fig. 
4C). We determined an apparent Michaelis-Menten (Xm') value of 10.5 ± 2.5 JJM 
and an apparent maximal velocity (Fmax') of 0.07 ± 0.01 nmole-sec-1 for this 
forward reaction. The apparent Km value is 50-fold lower then the measured .KD-GTP-
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Chapitre 2, Figure 4. A103R first step forward reaction kinetics. 
r32i (A) Typical SDS-PAGE for the monitoring of EpG formation by use off PJa-GTP 
in solution from 10 to 480 sec. Autoradiography quantification of these bands 
provides data for the kinetic activity ofA103R. (B) Plots derived from SDS-PAGE 
quantification of the activity ofl0juMA103R in presence of 1 juM (X), 5 fiM (0), 10 
txM (o), 25 pM (V), 50 pM (k), 100 piM (m), and 500 juM (•) f32PJa-GTP in 
solution. (C) Plot for the initial rates of reaction obtained for each of the curves 
found in (B) as a function of GTP concentration. 
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Chapitre 2, Figure Supplementaire 4. A103R first step reverse reaction kinetics. 
(A) Increasing amounts ofPPt were added to a 1.6 juM solution of EpG complex. 
Radioactive counts after TCA precipitation are relativised and plotted as a function 
of the PPi concentration in solution. (B) Curves derived from SDS-PAGE bands 
quantification of the activity of1.6 JUM EpG in presence of 0.5 /xM (x), 1 /uM (0), 5 
tiM (O), 10 fxM (V), 50 fiM (k) and 100 /uM (m) radiolabeled PPi in solution. (C) 
Plot of the initial rates of reaction obtained for each of the curves found in (B) as a 
function of PPi concentration (first order rate constant). 
This can be explained by the fact that the kinetic assays were performed with 
pyrophosphatase to drive the reaction forward. In this context, the dissociation rate 
of GTP is lowered and the apparent affinity is increased. 
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Pyrophosphate binding and kinetics of the first step reverse reaction. Since 
the reverse reaction of the first step requires pyrophosphate to occur, and that the 
latter can bind to the enzyme alone, we also determined the affinity of PP, for the 
pre-formed EpG complex. We therefore incubated the EpG complex in presence of 
increasing radiolabeled pyrophosphate concentrations, and used TCA precipitation 
to evaluate the amount of radiolabeled PPi bound to the complex. A ATD.ppi-2 value 
of 0.10 ± 0.02 mM (Supplementary data 4A) could be determined for the binding of 
pyrophosphate to the EpG complex (Table 1). This constant is similar to the one 
obtained for the binding of PP; to the enzyme alone, suggesting that the 
pyrophosphate does not bind the enzyme at the same site than GTP or GMP. 
The kinetic constants were then calculated for the reverse reaction of the 
first step of the RNA guanylyltransferase reaction. This time, we used the purified 
EpG complex and quantified the release of GTP as a function of time in the 
presence of various initial pyrophosphate concentrations (Supplementary data 4B). 
In light of the previous results cited above, we assumed that the forward RNA 
guanylyltransferase reaction is negligeable compared to the reverse reaction we 
were monitoring. Again, we obtained a pseudo first order rate constant 
(Supplementary data 4B) which revealed an apparent Km value of 2.6 ± 1.1 |aM and 
an apparent Fmax' of 0.35 ± 0.04 nmole-sec-1 for the reverse reaction. The reverse 
reaction Km is 4-fold lower than the corresponding constant for the forward 
reaction, while the maximal rate of reaction is 5-fold higher, suggesting that the 
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reverse reaction can produce its activity both with a lower concentration of reactant 
and at a higher rate. Moreover, using the equation kcat = VmlLX/[E], we calculated a ki 
value of 0.18 ± 0.01 sec-1 and a k-2 value of 5.5 ± 0.6 sec-1 (Table 1), demonstrating 
that the catalytic activity of the reverse reaction occurs at a forty-fold higher rate 
than the forward RNA guanylyltransferase reaction. The &cat / ^m' values for the 
forward and reverse reactions (1.7><104 IVT'sec-1 and 2.1><106 IVr'sec-1 respectively) 
also outline that the reverse reacton occurs at a higher rate. 
Diphosphorylated RNA association and dissociation to EpG. Filter binding 
assays were used to monitor both the association rate of ppRNA to the EpG 
complex, and the equilibrium constant for this interaction. The selected 
nitrocellulose membranes (0.45um mixed cellulose membrane, Millipore) possess 
an overall negative charge therefore allowing binding of positively charged proteins 
and repulsion of the negatively charged RNAs. Radiolabeled ppRNA interaction 
with the membranes could not be detected, whereas the radioactivity counts 
increased linearly with the quantity of protein in solution (data not show). This 
assay allowed us to evaluate an equilibrium constant (KD'PPRNA) of 3.3 ± 0.3 uM 
(Fig. 5 A, Table 1) by adding increasing amounts of ppRNA to the EpG complex. 
An association rate constant (£3) of 0.37 ± 0.08 sec'VM-1 (Fig- 5B, Table 1) could 
also be calculated by halting these reactions with filtration at various times and 
plotting each of their observed association rates as a function of the initial ppRNA 
concentration. These experiments were conducted in the presence of EDTA 
suggesting, as for the first step of the reaction, that the interaction is ion-
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independent. 
The dissociation rate constant (£-3) of the ppRNA from the EpG complex 
was also evaluated using this method. As for the dissociation of GTP, an excess of 
cold ppRNA was added to the EpG*ppRNA intermediate, and the dissociation is 
monitored as a function of time (Fig. 5C). In this case, we used a 50-fold excess of 
unlabeled ppRNA versus radiolabeled ppRNA, and we obtained a k-3 value of 1.1 ± 
0.1 sec-1 (Table 1). We can observe that the dissociation of ppRNA from the EpG 
complex occurs at a 3-fold higher rate than its association, suggesting a poor 
association of the disphosphorylated RNA with EpG. We believe this unfavoured 
association is necessary for an effective release of the final RNA product of 
reaction. 
For the interaction of diphosphorylated RNA to the EpG complex, as 
opposed to the prior GTP interaction with the enzyme alone, all three association 
parameters were evaluated using the same technique. We can observe that the 
concordance between the constants, using Kn = k-3 / £3, is complete. The error on 
each value encompasses the small variation observed. 
Second step forward reaction. In order to evaluate the kinetics of the forward 
reaction for the second step of the RNA guanylyltransferase reaction, we produced 
a diphosphorylated RNA substrate and radiolabeled EpG complex. We chose an 
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RNA sequence from the PBCV-1 DNA polymerase gene that would correspond to 
the 5' of the transcribed mRNA of the gene. We were able to monitor the transfer of 
radiolabeled GMP to the RNA as the capping reaction occurred to produce capped 
RNA (GpppRNA) (Supplementary Data 5A). By monitoring the reaction as 
function of time for various RNA concentrations (Supplementary Data 5B), we 
were able to evaluate the initial rates of reaction for each concentrations. By 
plotting these initial rates as a function of added diphosphorylated RNA in solution, 
we calculated a ATm' value of 3.6 ±1.0 pM and a Fmax' of 1.23 ± 0.26 pmole-min-1 
(Supplementary Data 5C). The Km is comparable to the Ko measured for the 
interaction with diphosphorylated RNA, suggesting the binding of RNA to be the 
limiting step for this catalytic reaction. 
Second step reverse reaction. We then sought to investigate the kinetics of the 
reverse catalytic activity of the second step of the RNA guanylyltransferase 
reaction. To ensure that we would be monitoring this reaction at its full potential, 
antarctic phosphatase was added to the reaction. This enzyme is able to 
dephosphorylate tri- di- and monophosphorylated RNAs, but is unable to cleave a 
cap structure. Therefore, we were able to drive the reverse reaction by depleting the 
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Chapitre 2, Figure 5. Diphosphorylated RNA interaction with the EpG complex. 
(A) Increasing concentrations of diphosphorylated RNA (ppRNA) were added to a 5 
liM EpG complex solution with EDTA. The plot of the binding as a function of 
added RNA concentration, from which was derived the equilibrium binding 
constant ofppRNA to EpG, is shown. (B) Analysis of real-time binding ofppRNA to 
EpG was made and the observed initial rate constants (k0bs) for each RNA 
concentrations (I, 2.5, 5, 7.5 and 10 juM) were plotted as a function of added 
ppRNA. (C) Dissociation of [ PJppRNA as a function of time from the EpG 
complex, evaluated by the addition of a 50-fold excess of unlabeled ppRNA. 
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Chapitre 2, Figure Supplementaire 5. A103R second step forward reaction 
kinetics. 
(A) Typical polyacrylamide gel for the monitoring of GpppRNA formation by use of 
[ P]a-EpG in solution from 0 to 40 min. Autoradiography quantification of these 
bands provides data for the second step kinetic activity of A103 R. (B) Plots derived 
from polyacrylamide gel quantification of the activity of 0.1 fiM EpG complex in 
presence of 0.01 JUM (x), 0.025 fiM(0), 0.1 /uM(o), 0.25 pM (V), lfiM(A), 2.5 juM 
(m), and 5.0 juM (•) ppRNA in solution. (C) Plot for the initial rates of reaction 
obtained for each of the curves found in (B) as a function ofGTP concentration. 
Time (mln) ppRNA(pM) 
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Morever, this kinetic analysis was not conduct by adding various 
concentrations of the GpppRNA substrate but by varying the enzyme concentration, 
because the substrate concentrations required for maximal reaction rate could not be 
obtained. In a single turnover environment, both methods should yield the same 
initial rates. We indeed proved experimentally that the evaluated initial rates 
corresponded when either the GpppRNA or the enzyme concentration was varying 
(data not shown). We therefore assumed that the constants calculated for this 
reverse reaction can be compared to the other evaluated constants of the RNA 
guanylyltransferase reaction. 
A radiolabeled GpppRNA substrate was synthesized by the forward reaction 
of the second step of the RNA guanylyltransferase using radiolabeled GMP. The 
transfer of this GMP moiety back to the enzyme was monitored as a function of 
time, for increasing E concentrations in solution to evaluate the kinetics of the 
reverse reaction (Fig.6A, B). Again, the initial rates for each enzyme concentrations 
were plotted as a function of the added A103R protein concentration, allowing us to 
calculate a Km value of 21.2 ± 5.7 uM and a Fmax' of 0.99 ± 0.12 pmole-min-1 (Fig, 
6C). The &cat / Km' were calculated for the forward and reverse reactions of this 
second step, yielding values of 5.6><106 IVPsec-1 and 5.5* 105 IVT'sec-1, 
respectively. We can conclude, with the Km and kcat I Km' values 
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Chapitre 2, Figure 6. A103R second step reverse reaction kinetics. 
(A) Typical polyacrylamide gel for the monitoring of EpG formation by addition of 
E to f PJGpppRNA in solution from 0 to 60 min. Quantification of these bands 
provides the kinetic data to be analyzed. (B) Plots derived from polyacrylamide gel 
quantification of the activity of 0.1 /iM (0), 0.5 fiM(o), 1 juM (V), 5/uM(A), IOJUM 
(u), and 50 /xM (•) A103R on 1 fiM [32P] GpppRNA. (C) Plot for the initial rates of 
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Chapitre 2, Figure 7. Capped RNA interaction with A103R. 
(A) Increasing concentrations of capped RNA (GpppRNA) were added to a 5 [xM 
A103R solution with EDTA. The plot of the binding as a function of added RNA 
concentration is shown. (B) Analysis of real-time binding of GpppRNA to the 
enzyme was made and the observed initial rate constants (k0bs) far each RNA 
concentrations (1, 2.5, 5, 7.5 and 10 fiM) were plotted as a function of added 
GpppRNA. (C) Dissociation of CP] GpppRNA as a function of time from the EpG 
complex, evaluated by the addition of a 50-fold excess of unlabeled GpppRNA. 
C 0.6-^  
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for the forward and reverse reactions that the A103R protein has less affinity for the 
final product of the reaction. Furthermore, the catalytic constants for these reactions 
indicate that the forward reaction has a 12-fold higher rate of catalysis than the 
reverse reaction. 
Release of the capped RNA. The final step of the capping reaction is the 
release of the capped RNA product. It was previously shown that the overall RNA 
guanylyltransferase reaction is fully reversible (3) and, with our reverse kinetics 
assays, it was clear that the enzyme could associate with the final product of the 
reaction. We therefore sought to evaluate the dissociation of the GpppRNA from 
the enzyme, but also its association and the equilibrium constant of this interaction. 
As for the binding of diphosphorylated RNA to the EpG complex, we used filter 
binding assays to measure these various kinetic constants. A -KD-GPPPRNA of 9.9 ± 0.5 
uM (Fig. 7 A, Table 1) was measured by adding increasing amounts of GpppRNA to 
the enzyme alone. The association was then monitored as a function of time for 
these concentrations of capped RNA, yielding an association rate constant (£5) of 
0.22 ±0.12 sec'VlvT1 (Fig. 7B, Table 1). The dissociation rate constant (£-5) was 
evaluated by adding a 50-fold excess of cold GpppRNA to the E'GpppRNA 
intermediate and the dissociation was monitored as a function of time (Fig. 5C). A 
ks value of 1.9 ± 0.1 sec-1 was obtained (Table 1). Again, a perfect concordance is 
observed between the various constants. As for previous binding experiments, 
EDTA was used in each of these reactions reaction to ensure that no catalytic 
activity would occur and that only the binding of RNA was measured. We can 
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observe with the equilibrium constant that A103R has a 3-fold less affinity for the 
GpppRNA product of the reaction than the diphosphorylated RNA substrate of the 
second step of the RNA guanylyltransferase reaction. Furthermore, the dissociation 
rate is increased by 2-fold, favouring release of the final product. 
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DISCUSSION 
The addition of a cap structure at the 5' end of eukaryotic mRNAs is one of 
the major modifications that occur during RNA processing (/, 2). Many viruses 
encode their own capping machinery in order to synthesize viral mRNAs harboring 
the cap structure (4). Viral enzymes involved in the formation of the 5'-terminal cap 
structure have been extensively characterized in recent years, and the elucidation of 
crystallographic structures provided numerous insights into the reaction pathway 
(10, 13). Although these studies have been very instructive, the complete 
parameters of the various kinetic pathways have not been thoroughly investigated. 
In an effort to gain further knowledge on the RNA guanylyltransferase reaction, 
fluorescence spectroscopy, radioactive kinetics and filter binding assays were 
performed in order to evaluate the kinetic parameters of the complete RNA 
guanylyltransferase reaction. 
During the characterization of the RNA guanylyltransferase reaction, we 
observed that foscarnet had the ability to inhibit the forward reaction of the first 
step of the reaction. This analog of pyrophosphate is currently used against 
herpesviruses infections, mainly cytomegalovirus, and has been shown to be 
relatively effective against hepatitis B virus (HBV) and human immunodeficiency 
virus (HIV) (17, 18). The precise mechanism of action of this drug remains elusive 
although it has been proposed that the pyrophosphate analog could bind close to the 
active center of viral polymerases thereby inhibiting the pyrophosphate exchange 
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reaction (19). In the present study, foscarnet produced a significant inhibition of the 
activity of A103R in vitro (Fig. 3). Interestingly, the enzyme was also able to use 
foscarnet for the first step reverse reaction, creating a novel GDP-COOH product 
(data not shown). Subsequent in vivo studies performed in the presence of foscarnet 
should eventually indicate whether the antiviral can efficiently inhibit the capping 
of viral mRNAs. 
The current study presents a thorough quantitative analysis of the kinetics 
involved during the RNA guanylyltransferase reaction. A thermodynamic scheme 
for the progress of the reaction was generated as a function of the energies involved 
in each step (Fig. 8). Analysis of the thermodynamic data for the first step of the 
reaction indicate that the RNA capping enzyme is thermodynamically more stable 
when bound to GTP (- 4.5 kcal/mol). Both the apo-enzyme and the enzyme 
covalently linked to GMP (- 2.4 kcal/mol) are less stable in terms of free energies. 
We hypothesize that the enzyme covalently linked to GMP is thermodynamically 
less stable because it is required in the second step of the RNA capping reaction 
which entails the catalytic transfer of the GMP moiety to the diphosphate end of the 
RNA. Analysis of the crystal structure of the PBCV-1 RNA guanylyltransferase 
has previously provided evidence of important conformational changes that occur 
during both substrate binding and reaction chemistry, most notably the opening and 
closing of the gap between the N- and C-terminal domains (10, 13). The 
conformational change is required for the catalytic formation of the covalent 
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Chapitre 2, Figure 8. Gibbs free energy profile for the RNA guanylyltransferase 
reaction. 
Gibbs free energies are graphically shown in a representation of our suggested 
reaction pathway for the overall RNA guanylyltransferase reaction. The free 
energies (AG) were calculated using the equation AG = RT In K, where T= 303 K 
(30 °C), R = 1.987cal • K~ mol~ and K is either the observed equilibrium 
constants or the constants calculated using equation k = (KbT/h) K*, where k is a 
rate constant, Kb is the Boltzmann constant, T - 303 K (30 °C), h is the Planck 
constant, and K* is the estimated equilibrium constant. AG are presented with the 
constant used for calculation. The values preceeded by a A were calculated by 
addition or subtraction of other AG values and not from kinetic constants. 
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enzyme-GMP intermediate, since only in the closed conformation is the enzyme 
able to bind the metal ion cofactor and undergo catalysis and form the covalent 
enzyme-GMP intermediate (10, 13). We therefore hypothesize that the stability of 
the E*GTP intermediate is likely due to the conformational change of the enzyme 
that occurs after GTP binding. Interestingly, previous denaturation studies 
performed with the Saccharomyces cerevisiae RNA guanylyltransferase have also 
noted the increased stability of the enzyme-GMP intermediate (20). 
The thermodynamics of the second step of the RNA guanylyltransferase 
reaction indicate that the enzyme undergoes a series of less stable intermediates 
before terminating the reaction at a more favourable level of energy (- 0.9 
kcal/mol). The EpG complex bound to diphosphorylated RNA (EpG»ppRNA) and 
the enzyme to capped RNA (E#GpppRNA) are the two intermediates with the 
highest free energies of the whole reaction, in contrast with the intermediates of the 
first part of the RNA guanylyltransferase which are very stable in comparison. The 
first step is very dynamic with low energy variations between the intermediates. 
The binding of diphosphorylated RNA by the EpG complex, initiating the second 
step of the reaction, is the overall energetically limiting step of the RNA 
guanylyltransferase reaction with its A 25.3 kcal/mol requirement (Fig. 8). We 
believe that the association of the A103R protein with diphosphorylated RNA will 
be less limiting in a cellular context since the RNA 5'-triphosphatase, responsible 
for the catalysis of the first step of the cap formation, and the RNA 
guanylyltransferase are known to interact with the CTD of the polymerase II during 
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transcription (21-24). The RNA 5'-triphosphatase synthesizes the diphosphorylated 
RNA which is then used by the associated RNA guanylyltransferase, 
overcompensating for the RNA binding limitation of the RNA guanylyltransferase 
reaction. 
For the reverse mechanism, the limiting step is the binding of the capped 
RNA to the free enzyme, with an energy requirement of A 24.3 kcal/mol (Fig. 8). 
Once the capped RNA is bound, the enzyme is able to undergo catalysis to recreate 
the EpG complex and release diphosphorylated RNA. However, we believe that this 
activity will not occur in vivo since the capped RNA will be recognized by cap 
binding proteins after its synthesis preventing further interaction with the RNA 
guanylyltransferase (25). 
Overall, our thermodynamic analyses clearly showed that the first step of the 
RNA guanylyltransferase is very dynamic, as indicated both by the respective AG 
values for the different forms of the enzyme and by the reversibility of each part of 
the reaction. In contrast, we showed that the second step comprises the limiting 
steps for both the direct and reverse overall reactions. In both cases, the binding to 
the RNA substrates is the step requiring the highest energy, and generating unstable 
intermediates that will promote the catalytic activites. The first step of the reaction 
is favoured in terms of free energy with a final intermediate (E»GTP) at - 2.4 
kcal/mol below the energy of the apoenzyme. The second step is also driven 
forward by a final free energy of- 0.9 kcal/mol lower than its initial starting point. 
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The overall reaction ends up with a 3.3 kcal/mol decrease in free energies when 
performed in vitro at 30 °C (Fig. 8). 
The PBCV-1 RNA guanylyltransferase belongs to an enzyme superfamily 
of covalent mononucleotidyltransferases, which includes both DNA and RNA 
ligases (11). The members of this family contain a conserved active site motif 
KxDG, in which the lysine residue is involved in the formation of the enzyme-GMP 
(capping) or enzyme-AMP (ligases) intermediates (11). The crystal structures of 
five different members of this important family have been determined, providing 
insightful information on the reaction chemistry (10, 13, 23, 26). Members of this 
family are characterized by a common tertiary structure that consists of an N-
terminal domain, which encompasses the nucleotide-binding pocket, and a C-
terminal oligonucleotide binding-fold domain. The RNA guanlylytransferase from 
reovirus can also form an enzyme-GMP covalent intermediate involving a lysine 
residue (27), but its structure is completely different from the eukaryotic and viral 
guanylyltransferases of the mononucleotidyltransferase family (28). We 
hypothesize that the energetic profile that we have determined for the PBCV-1 
RNA guanylyltransferase reaction is likely to apply to other members of this family. 
Specific mutations have been shown to affect GTP binding, formation of the EpG 
complex and transfer of GMP to diphosphorylated RNA in Saccharomyces 
cerevisiae, vaccinia "virus and the human capping enzymes (29-31). The 
corresponding mutations could eventually be used with the PBCV-1 RNA 
guanylyltransferase to emphasized the similarities between these members of the 
127 
nucleotidyltransferase family. Moreover, it will be interesting to investigate the 
energetics involved in the capping of viral mRNAs from other classes of 
guanylyltransferases. For instance, the nsPl protein of Semliki Forest virus 
methylates the N7-position of GTP to generate m7GTP, before subsequently 
transferring the m7GMP moiety to the 5' diphosphate end of the viral mRNAs (32). 
Such a guanylylation pathway has also been observed for other members of the 
alphavirus-like superfamily such as hepatitis E virus, tobacco mosaic virus, brome 
mosaic virus, and bamboo mosaic virus (33-36). Significant differences in the free 
energies of the different forms of these RNA guanylyltransferases are likely to 
occur because of the presence of an additional intermediate during the RNA 
guanylyltransferase reaction. 
The present study represents the first thorough kinetic and thermodynamic 
characterization of the mechanism of a capping enzyme, and highlighted the 
energetics involved in the RNA guanylyltransferase reaction. Although our 
knowledge of the different mechanisms involved in RNA capping is still 
incomplete, we believe that the characterization of the kinetic and thermodynamic 
parameters involved in the individual steps required for the synthesis of the RNA 
cap structure is critical in understanding the overall reaction chemistry. These 
studies add another dimension to the high resolution structural studies that have 
revealed key insights into the structural requirements for each of the individual 
steps. Given the recent interest in the development of selective inhibitors that can be 
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used as antiviral agents, understanding the energetics of protein involved in the 
RNA capping reaction is of critical importance. 
129 
REFERENCES 
1. Shuman, S. (2000) Structure, mechanism, and evolution of the mRNA-capping 
apparatus, Prog, nucleic Acids Res. Mol. Biol. 66, 1—40. 
2. Furuichi, Y., and Shatkin, A. J. (2000) Viral and cellular mRNA capping: past 
and prospects, Adv. Virus. Res. 55, 135-184. 
3. Venkatesan, S., and Moss, B. (1981) Eukaryotic mRNA capping enzyme-
guanylate covalent intermediate, Proc. Natl. Acad. Sci. U.S.A. 79, 340-344. 
4. Shuman S. (1990) Catalytic activity of vaccinia mRNA capping enzyme subunits 
coexpressed in Escherichia coli, J. Biol. Chem. 265, 11960-11966. 
5. Babich, A., Nevins, J. R., and Darnell, J. E. Jr. (1980) Early capping of 
transcripts from the adenovirus major late transcription unit, Nature 287, 
246-248. 
6. Plotch, S. J., Bouloy, M., Ulmanen, I., and Krug, R. M. (1981) A unique 
cap(m7GpppXm)-dependent influenza virion endonuclease cleaves capped 
RNAs to generate the primers that initiate viral RNA transcription, Cell 23, 
847-858. 
7. Van Etten, J. L., Lane, L. C , and Meints, R. H. (1991) Viruses and virus-like 
particles of eukaryotic algae, Microbiol. Rev. 55, 586-620. 
8. Ho, C. K., Gong, C , and Shuman, S. (2001) RNA triphosphatase component of 
the mRNA capping apparatus of Paramecium bursaria Chlorella virus 1, J. 
Virol. 75, 1744-1750. 
130 
9. Ho, C. K., Van Etten, J. L., and Shuman, S. (1996) Expression and 
Characterization of an RNA Capping Enzyme Encoded by Chlorella Virus 
PBCV-1, J. Virol. 70, 6658-6664. 
10. Hakansson, K., Doherty, A. J., Shuman, S., and Wigley, D. B. (1997) X-ray 
crystallography reveals a large conformational change during guanyl 
transfer by mRNA capping enzymes, Cell 89, 545-553. 
11. Cong, P., and Shuman, S. (1993) Covalent catalysis in nucleotidyl transfer. A 
KTDG motif essential for enzyme-GMP complex formation by mRNA 
capping enzyme is conserved at the active sites of RNA and DNA ligases, J. 
Biol. Chem. 268, 7256-7260. 
12. Wang, S. P., Deng, L., Ho, C. K., and Shuman, S. (1997) Phylogeny of mRNA 
capping enzymes, Proc. Natl. Acad. Sci. U.S.A. 94, 9573-9578. 
13. Hakansson, K., and Wigley, D. B. (1998) Structure of a complex between a cap 
analogue and mRNA guanylyl transferase demonstrates the structural 
chemistry of RNA-capping, Proc. Natl. Acad. Sci. U.S.A. 95, 1505-1510. 
14. Bisaillon, M., Bougie, I. (2003) Investigating the roles of metal ions in the 
catalytic mechanism of the yeast RNA triphosphatase, J. Biol. Chem. 36, 
33963-33971 
15. Painter, G. R., Wright, L. L., Hopkins, S., and Furmanm, P. A. (1991) Initial 
binding of 2'-deoxynucleoside 5'-triphosphates to human immunodeficiency 
virus type 1 reverse transcriptase, J. Biol. Chem. 266, 19362-19368. 
16. Goldberg, J. M., and Baldwin, R. L. (1998) Kinetic mechanism of a partial 
folding reaction. 1. Properties of the reaction and effects of denaturants, 
131 
Biochemistry. 37, 2546-2555. 
17. Han, Y. X., Xue, R., Zhao, W., Zhou, Z. X., Li, J.N., Chen, H. S., Chen, X. H., 
Wang, Y. L., Li, Y. H., Wu, Y. W., You, X. F., Zhao, L. X., and Jiang, J. D. 
(2005) Antiviral therapeutic efficacy of foscarnet in hepatitis B virus 
infection, Antiviral Res. 68, 147-153. 
18. Canestri, A., Ghosn, J., Wirden, M., Marguet, F., Ktorza, N., Boubezari, I., 
Dominguez, S., Bossi, P., Caumes, E., Calvez, V., and Katlama, C. (2006) 
Foscarnet salvage therapy for patients with late-stage HIV disease and 
multiple drug resistance, Antivir. Ther. 11,561-566. 
19. Derse, D., Bastow, K. F., and Cheng, Y. (1982) Characterization of the DNA 
polymerases induced by a group of herpes simplex type I variants selected 
for growth in the presence of phosphonoformic acid, J. Biol. Chem. 257, 
10251-10260. 
20. Bougie, I., Parent, A., and Bisaillon, M. (2004) Thermodynamics of ligand 
binding by the yeast mRNA-capping enzyme reveals different modes of 
binding, Biochem. J. 384, 411^120. 
21. Ho, C.K., Schwer, B. and Shuman, S. (1998) Genetic, physical, and functional 
interactions between the triphosphatase and guanylyltransferase components 
of the yeast mRNA capping apparatus, Mol. Cell. Biol. 18, 5189-5198. 
22. Ho, C.K., Lehman, K., and Shuman, S. (1999) An essential surface motif 
(WAQKW) of yeast RNA triphosphatase mediates formation of the mRNA 
capping enzyme complex with RNA guanylyltransferase, Nucleic Acids Res. 
27,4671^1678. 
132 
23. Fabrega, C , Shen, V., Shuman, S., and Lima, CD. (2003) Structure of an 
mRNA Capping Enzyme Bound to the Phosphorylated Carboxy-Terminal 
Domain of RNA Polymerase II, Mol. Cell 11,1549-1561. 
24. McCracken, S., N. Fong, E., Rosonina, K., Yankulov, G., Brothers, D., 
Siderovski, A., Hessel, S., Foster, Amgen EST Program, Shuman, S., and 
Bentley, D. L. (1997) 5'-Capping enzymes are targeted to pre-mRNA by 
binding to the phosphorylated carboxy-terminal domain of RNA polymerase 
II, Genes & Dev. 11, 3306-3318 
25. Lewis, J. D., and Izaurralde, E. (1997) The role of the cap structure in RNA 
processing and nuclear export. Eur. J. Biochem. 247, 461-169. 
26. Nair, P. A., Nandakumar, J., Smith, P., Odell, M., Lima, C. D., and Shuman, S. 
(2007) Structural basis for nick recognition by a minimal pluripotent DNA 
ligase, Nature. 14, 770-778. 
27. Fausnaugh, J., and Shatkin, A. J. (1990) Active site localization in a viral 
mRNA capping enzyme, J. Biol. Chem. 265, 7669-7672. 
28. Reinisch, K. M., Nibert, M. L., and Harrison, S. C. (2000) Structure of the 
reovirus core at 3.6 A resolution, Nature 404, 960-967. 
29. Schwer, B., and Shuman, S. (1994) Mutational analysis of yeast mRNA capping 
enzyme, Proc. Natl. Acad. U.S.A. 91,4328^332. 
30. Cong, P., and Shuman, S. (1995) Mutational analysis of mRNA capping 
enzyme identifies amino acids involved in GTP binding, enzyme-guanylate 
formation, and GMP transfer to RNA , Mol. Cell. Biol. U.S.A. 91, 4328-
4332. 
133 
31. Sawaya, R., and Shuman, S. (2003) Mutational analysis of guanylyltransferase 
component of mammalian mRNA capping enzyme, Biochemistry 91, 4328-
4332. 
32. Ahola, T., and Kaariainen, L. (1995) Reaction in alphavirus mRNA capping: 
formation of a covalent complex of nonstructural protein nsPl with 7-
methyl-GMP, Proc. Natl. Acad. Sci. U.S.A. 92, 507-511. 
33. Magden, J., Takeda, N., Li, T., Auvinen, P., Ahola, T., Miyamura, T., Merits, 
A., and Kaariainen, L. (2001) Virus-specific capping enzyme encoded by 
the hepatitis E virus, J. Virol. 75, 6249-6255. 
34. Merits, A., Kettunen, R., Makinen, K., Lampio, A., Auvinen, P., Kaariainen, L., 
and Ahola, T. (1999) Virus-specific capping of tobacco mosaic virus RNA: 
methylation of GTP prior to formation of covalent complex pl26-m7GMP, 
FEBSLett. 455,45^8. 
35. Huang, Y. L., Hsu, Y. H., Han, Y. T., and Meng, M. (2005) mRNA guanylation 
catalyzed by the S-adenosylmethionine-dependent guanylyltransferase of 
bamboo mosaic virus, J. Biol. Chem. 280,13153-13162. 
.36. Ahola, T., and Ahlquist, P. (1999) Putative RNA capping activities encoded by 
brome mosaic virus: methylation and covalent binding of guanylate by 
replicase protein la, J. Virol. 73, 10061-10069. 
134 
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par l'enzyme de degradation de la coiffe D10 du virus de la vaccine 
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RESUME 
Les enzymes de degradation de la structure coiffe sont requis pour 
l'hydrolyse de la structure coiffe retrouvee a l'extremite 5' des ARNm. Ces 
enzymes exhibent une activite hydrolytique specifique resultant en un clivage entre 
les phosphates a et p de la coiffe m7GpppN pour generer du m7GDP et un ARN 
monophosphorylS. Des enzymes de degradation de la coiffe ont ete decouverts chez 
les humains, les plantes, les levures, et plus recemment chez le virus de la vaccine 
(proteine D10). Malgre le manque d'evidences experimentales, des mecanismes 
catalytiques a deux ou trois ions metalliques ont ete proposes pour ces enzymes. 
Dans cette etude, nous avons effectue une caracterisation biochimique de 
1'interaction des cations divalents avec la proteine D10 du virus de la vaccine. Une 
activation synergique de l'enzyme est observee en presense d'ions magnesium et 
manganese, suggerant 1'existence de deux sites de liaison aux ions metalliques sur 
la proteine D10. Des essais de titration avec les deux ions en spectroscopic a 
fluorescence ont egalement demontres la presence de deux sites de liaison aux ions 
sur l'enzyme. Un modele structural tridimensionnel du site actif de la proteine D10 
a ete genere, suggerant 1'importance de trois residus glutamates pour la 
coordination de deux ions metalliques et de la molecule d'eau requise pour 
l'hydrolyse. Une analyse mutationnelle a confirme le role de deux glutamates pour 
la liaison des ions. Nous demontrons que le premier ion metallique est coordonne 
par le Glu-132, et le second par le Glu-145. Globalement, ces resultats supportent 
un modele mecanistique a deux ions divalents pour l'enzyme viral D10 de 
degradation de la structure coiffe. 
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ABSTRACT 
Decapping enzymes are required for the removal of the 5'-end cap of mRNAs. 
These enzymes exhibit a specific hydrolase activity resulting in cleavage between 
the a- and P-phosphates of the m7GpppN cap to generate both m7GDP and 
monophosphorylated RNA products. Decapping enzymes have been found in 
human, plant, yeast, and more recently discovered in vaccinia virus (D10 protein). 
Although experimental evidences are lacking, three-metal and two-metal ion 
mechanisms have been proposed so far for the decapping enzymes. In this study, we 
performed a biochemical characterization of the interaction of divalent cations with 
the vaccinia virus D10 protein. Synergistic activation of the enzyme was observed 
in the presence of magnesium and manganese ions, suggesting the existence of two 
metal ion binding sites on the D10 protein. Moreover, dual ligand titration 
experiments using fluorescence spectroscopy demonstrated the presence of two 
metal ion binding sites on the enzyme. A three-dimensional structural model of the 
active site of the enzyme was generated which highlighted the importance of three 
glutamate residues involved in the coordination of two metal ions and a water 
molecule. Mutational analyses confirmed the role of two glutamate residues for the 
binding of metal ions. We demonstrate that one metal ion is coordinated by Glu-
132, while the second metal ion is coordinated by Glu-145. Taken together, these 
results support the proposed two-metal ion mechanistic model for the D10 
decapping enzyme. 
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Keywords: decapping enzyme, vaccinia virus, mRNA metabolism, enzyme 
mechanism, structural modelization, nudix motif. 
Abbreviations: 
Ap4AP, adenosine 5'-tetraphospho-5'-adenosine pyrophosphatase; Dcp, decapping 
enzyme; DTT, 1,4-Dithio-DL-threitol; GDPMH, GDP-mannose mannosyl 
hydrolase; m7GDP, N7-methyl-guanosine diphosphate; m7Gppp-RNA, N7-methyl-
guanosine-capped ribonucleic acid; MutT, MutT pyrophosphohydrolase; Nudix, 
Nucleoside Diphosphate linked to an X moiety; TLC, thin-layer chromatography; 
WT, wild-type protein. 
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INTRODUCTION 
Messenger RNA (mRNA) decay occurs in cytoplasmic regions of the cells, named 
processing bodies, consisting of many enzymes involved in mRNA turnover 
including decapping enzymes [1, 2]. The latter are required for the removal of the 
5'-end cap of mRNAs. The human, plant and yeast decapping enzymes (Dcp2) 
exhibit a specific hydrolase activity resulting in cleavage between the a- and p-
phosphates of the m7GpppN cap to generate both m7GDP and monophosphorylated 
RNA products, whereas the scavenger decapping proteins (DcpS) cleave between 
the P- and y-phosphates of the cap structure [3-7]. The remaining mono- or 
diphosphorylated mRNAs are then subjected to 5'—>3' exonucleolytic degradation. 
Decapping enzymes involved in the turnover of mRNAs have been found in many 
species throughout the eukaryotic tree.3'6 Moreover, it was recently shown that the 
vaccinia virus also encodes decapping enzymes, the D9 and D10 proteins (D9p and 
DlOp) [8-10]. The discovery that mammalian viruses can harbor decapping 
enzymes has important implications for the control of viral and cellular gene 
expression. It has been suggested that the presence of decapping enzymes in 
vaccinia virus is likely required to eliminate competing host mRNAs and to allow 
stage specific synthesis of viral proteins [8]. 
DlOp is expressed during late viral transcription and deletion of the D10 
gene was shown to produce a 10-fold reduction of the infectious viral particle 
formation [11]. Furthermore, previous studies demonstrated the ability of DlOp to 
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hydrolyze capped RNA of at least 24 nucleotides (nt) in length to release an m GDP 
product in the presence of divalent cations [8]. The decapping activity was inhibited 
by either methylated cap analogs or uncapped RNA, suggesting recognition through 
both cap and RNA chain. D9p possesses 25% homology with DlOp but is 
differentially expressed during early viral transcription [9]. D9p demonstrated the 
same requirements as DlOp for its decapping activity. Results from inhibition 
studies revealed that the decapping activity of D9p is strongly reduced by uncapped 
RNA, while methylated nucleotides have a higher inhibitory effect on DlOp. These 
data suggest a differential binding of the two enzymes to their substrates [10]. 
Both DlOp and D9p belong to a superfamily of hydrolases characterized by 
a consensus Nudix sequence [12, 13]. This motif has been shown to be essential for 
the decapping activity of Dcp2 enzymes [3, 14]. The Nudix hydrolases superfamily 
is widespread amongst eukaryotes, bacteria, archaea and viruses, and includes 
enzymes which cleave nucleoside diphosphates linked to other moieties. This 
family encompasses enzymes such as Ap4A pyrophosphatase (AP4AP), MutT 
pyrophosphohydrolase (MutT), GDP-mannose mannosyl hydrolase (GDPMH) and 
decapping enzymes. The catalytic activity of the Nudix hydrolase enzymes is 
strictly dependent on the conserved 23-amino acids Nudix motif, i.e. 
GX5EX7REUXEEXGU, where U is a bulky hydrophobic amino acid and X is any 
amino acid [14, 15]. The Nudix motif forms a loop - a helix - loop secondary 
structure, involved in divalent cation interaction. However, even with this high 
conservation of the catalytic motif, the Nudix hydrolases exhibit diverse enzymatic 
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mechanisms [14, 16, 17]. For example, MutT utilizes two metal ions for its 
mechanism, with one ion interacting directly with the enzyme and the second 
coordinating the P- and y-phosphates of the NTP substrate. However, Ap4-AP has 
been shown to require three divalent cations, with the third ion joining the complex 
to support coordination of the attacking nucleophile [18]. The precise mechanism 
used by the decapping enzymes has not yet been demonstrated. It has been 
suggested that these enzymes might utilize a three divalent cations mechanism since 
the catalytic reaction is similar to the ADP-ribose pyrophosphatase, another Nudix 
hydrolase which harbours three metal ions interaction in its crystal structure [19]. 
More recently, mutational analysis of the Arabidopsis thaliana Dcp2 protein 
(AtDcp2p) led to the proposal of a two-metal ion model for this enzyme [4]. 
The present study proposes a biochemical characterization of the interaction 
of divalent cations with the vaccinia virus DIOp. We investigated the ability of the 
enzyme to interact with both magnesium and manganese ions and provide 
evidences for a two-metal ion mechanism. Moreover, the generation of specific 
glutamate mutants of DIOp outlined the residues involved in the interaction with the 
two metal ions. 
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MATERIAL AND METHODS 
D10 Expression and Purification — A plasmid for the expression of a full-length 
D10 protein (248 amino acids) was generated by inserting the vaccinia DIOR gene 
between the Ndel and Hindlll cloning sites of the pET28a expression plasmid 
(Novagen). In this context, the D10 protein is fused in-frame with aN-terminal 
peptide containing 6 tandem histidine residues, and expression of the His-tagged 
protein is driven by a T7 RNA polymerase promoter. The resulting recombinant 
plasmid (pET-D 10) was transformed into Escherichia coli BL21(DE3) and a 1 L 
culture of E. coli BL21(DE3)/pET-D10 grown at 37°C in Luria-Bertani medium 
containing 0.1-mg/mL ampicillin until the ^oo reached 0.5. The culture was 
adjusted to 0.4 mM isopropyl-P-D-thiogalactopyranoside and 2% ethanol, and the 
incubation continued at 18°C for 20 h. The cells were then harvested by 
centrifugation at 5 000 rpm for 15 min, and the pellets stored at -80°C. All 
subsequent procedures were performed at 4°C. Thawed bacteria pellets were 
resuspendedin 50 mL of lysis buffer A (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
and 10% sucrose), and cell lysis was achieved by adding lysozyme and Triton X-
100 to final concentrations of 50 ug/mL and 0.1%, respectively. The lysates were 
sonicated to reduce viscosity, and any insoluble material was removed by 
centrifugation at 13 000 rpm for 45 min. The soluble extract was applied to a2-mL 
column of nickel-nitrilotriacetic acid-agarose (Qiagen) that had been equilibrated 
with buffer A containing 0.1% Triton X-100. The column was washed with the 
same buffer and then eluted stepwise with buffer B (50 mM Tris-HCl, pH 8.0, 100 
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mM NaCl, and 10% glycerol) containing 50, 100, 200, 500, and 1000 mM 
imidazole. The polypeptide composition of the column fractions was monitored by 
SDS-PAGE. The recombinant D10 protein was retained on the column and 
recovered in the 500 and 1000 mM imidazole eluates. Following a 4 h dialysis 
against buffer C (50 mM Tris-HCl, pH 8.0, 50 mM NaCl, 2 mM dithiothreitol, 10% 
glycerol) the protein concentration was determined by the Bio-Rad dye binding 
method using bovine serum albumin as the standard. DlOp E132A, E141A, and 
El45A mutants were also cloned and expressed using this method. 
7-methyl-capped RNA synthesis — An RNA substrate of 81 nt was synthesized 
using a pair of complementary oligonucleotides including a T7 RNA promoter 
followed by the sequence of the substrate. Following transcription, the RNA 
substrate was purified on a denaturing 8% polyacrylamide gel and visualized by 
ultraviolet shadowing. The corresponding band was excised, and then eluted from 
the gel by an overnight incubation in 0.1% SDS/0.5 M ammonium acetate. The 
RNA was then precipitated with isopropanol and the pellets were resuspended in 
nanopure water. The purified 5'-triphosphorylated 81-nts RNA was further 
processed for 1 h in capping buffer (50 mM Tris-HCl pH 7.5, 5 mM DTT and 20 
mM MgCk) using the vaccinia virus RNA 5'-triphosphatase / RNA 5'-
guanylyltransferase D1R to first obtain a diphosphorylated 5' end. Afterwards, 1 
uM [a- P]GTP was added to the reaction to allow the radiolabeled capping of the 
diphosphorylated RNA for 1 h. This capped RNA was again subjected to a 
phenol/chloroform purification and isopropanol precipittion. The resuspended 
capped RNA was methylated using the S. cerevisiae guanine-7-methyltransferase 
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(Abdl) in methylation buffer (50 mM Tris-HCl pH 7.5, 5 mM DTT, 40 mM NaCl) 
with 2 uM adenosylmethionine for 1 hour. This 7-methyl-capped RNA was again 
purified on polyacrylamide gel, excised and precipitated. The RNA substrate was 
then quantitated by spectrophotometry and stored at -20°C. 
Decapping assays — Reaction mixtures (20 uL) containing 10 mM Tris-HCl (pH 
7.5), 100 mM KOAc, 1 mM DTT, 0.5 uM of the y-phosphate labeled 7-methyl-
capped RNA substrate and 1 uM D10 purified protein were incubated for 90 min at 
37°C in the presence of various metal ion concentrations. The reactions were 
quenched by adding 2 uL of 0.5 M EDTA. Aliquots of the mixtures were applied to 
a polyethyleneimine-cellulose thin-layer chromatography (TLC) plate, which was 
developed with 0.5 mM LiCl and 1M formic acid. The release of y-phosphate 
labeled m7GDP was revealed by autoradiography with a Phosphorlmager 
(Amersham Biosciences) and quantified using ImageQuant 5.0 (Molecular 
Dynamics). In the case of NaF inhibition assays, the reactions were stopped after 
lh. Reaction mixtures where then treated as stated above. Furthermore, for the 
synergy assays, magnesium and manganese ions were added separately or 
simultaneously to reaction mixtures, which were incubated for lh at 37°C and 
further treated as stated above. Experiments were performed a minimum of three 
times separately. 
Fluorescence Measurements — Fluorescence was measured using an Hitachi F-
2500 fluorescence spectrophotometer. Background emission was eliminated by 
subtracting the signal from either buffer alone or buffer containing the appropriate 
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quantity of substrate. The extent to which ligands bind to the D10 protein was 
determined by monitoring the fluorescence emission of a fixed concentration of 
proteins and titrating with a given ligand. The binding can be described by Equation 
1, 
Kd = rPlOpiriigandl (Eq. 1) 
[Dl Op-ligand] 
where Kd is the apparent dissociation constant, [DlOp] is the concentration of the 
protein, [DlOp-ligand] is the concentration of complexed protein, and [ligand] is the 
concentration of unbound ligand in solution. The proportion of ligand-bound 
protein, as described by Equation 1, is related to measured fluorescence emission 
intensity by Equation 2. 
AF/AFmax = fDlOp-ligand] (Eq. 2) 
[D10p]to, 
where AF is the magnitude of the difference between the observed fluorescence 
intensity at a given concentration of ligand and the fluorescence intensity in the 
absence of ligand, AFmax is the difference at infinite [ligand], and [D10p]tot is the 
total protein concentration. 
If the total ligand concentration, [ligand]tot, is in large molar excess relative to 
[D10p]tot, then it can be assumed that [ligand] is approximately equal to [ligand]tot. 
Equations 1 and 2 can then be combined to give Equation 3. 
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AF/AFmax = [ligand]tot/(^+[ligand]tot) (Eq. 3) 
The Kd values were determined from a nonlinear least square regression analysis of 
titration data by using Equation 3. Fluorescence experiments were performed a 
minimum of three times separately. 
Analysis of Competitive Metal Ion Binding — Analysis of the effect of a fixed 
concentration of one metal ion ligand (iona) on the binding of a second ion ligand 
(ionb) was performed in a manner analogous to that previously reported for 
analyzing the kinetics of a system in which two alternative substrates compete for 
the same enzyme binding site [20]. The change in fluorescence (AF) observed upon 
titration of DlOp with iona in the presence of a fixed concentration of competing 
substrate (ionb) can be described by Equation 5. 
AF = AFraax(a) ([iona] / Ka) + AFmax(b) ([ionb] / Kb) + ([iona] / Ka + [ionb] / Kb) 
(Eq.5) 
where AFmax(a) and AFmax(b) are the changes in fluorescence produced at infinite 
concentrations of iona and ionb, respectively. Ka and K\, are the apparent dissociation 
constants for iona and ionb, respectively. Equation 5 was fit to the simple ligand 
saturation isotherms for both iona and ionb. 
Circular dichroism spectroscopy measurements — Circular dichroism 
measurements were performed with a Jasco J-810 spectropolarimeter. The samples 
were analyzed in quartz cells with path lengths of 1 mm. Far-UV wavelength scans 
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were recorded from 200 to 250. The average of three wavelength scans is presented. 
The ellipticity results were expressed as mean residue ellipticity, in millidegrees 
(mdeg). 
Homology modeling — The crystal structure of the Schizosaccharymoces pombe 
Dcp2 protein was used as a template to model the vaccinia virus D10 protein. The 
atomic coordinates were obtained from the Protein Data Bank file 2A6T. The 
predicted three-dimensional structure of the D10 protein active site was generated 
with the Deep View program [21]. 
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RESULTS 
Expression and decapping activity ofDIOp 
A His-tag version of the 248-amino acids vaccinia virus DlOp was expressed in E. 
colt and purified by nickel-agarose chromatography. SDS-PAGE analysis 
demonstrated that the 31-kDa recombinant DlOp was the predominant polypeptide 
in the purified fraction (Fig. 1A). Size-exclusion chromatography assays performed 
on the purified DlOp to assess its possible homodimerization revealed a unique 
absorbance peak around 31 kDa, the expected molecular weight of a DlOp 
monomer (data not shown). 
The decapping activity of the purified protein was initially evaluated using a 
radiolabeled methyl-capped RNA substrate in the presence of increasing 
concentrations of manganese ions (Fig. IB). The reactions products were then 
separated by thin-layer chromatography. As seen in figure IB, only the m7GDP 
product and the initial capped m7Gppp-RNA substrate were detected, indicating that 
the reaction is specific and does not yield any other side product (Fig. IB). Maximal 
decapping activity reached a maximum (>95%) at a concentration of 5 mM for 
manganese (Fig. IB and ID). 
We next sought to investigate the ability of magnesium ions to support the 
decapping activity of the vaccinia virus D10 protein. Once again, maximal 
hydrolysis was reached at a metal ion concentration of 5 mM (Fig. 1C). However, 
under these conditions only 45% of the radiolabeled methyl-capped RNA substrate 
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Chapitre 3, Figure 1. Expression and activity of the D10 protein. 
(A) An aliquot (0.5 ng) of the purified preparation of DlOp was analyzed by 
electrophoresis through a 12.5% polyacrylamide gel containing 0.1% SDS, and 
visualized by staining with Coomassie blue dye. The positions and sizes in kDa of 
the molecular-weight standards are indicated on the left. (B, C) The enzyme (1 juM) 
and methyl-capped RNA substrate (0.5 fiM) were incubated for 90 min at 37°C with 
increasing concentrations ofMnCh (B) or MgCh (C) in 10 mM Tris-HCl (pH 7.5), 
100 mM KOAc, 5 mM MgCh and 1 mM DTT buffer (decapping buffer). The 
reactions were stopped by the addition of EDTA to 50 mM. The products were 
analyzed by TLC on a polyethyleneimine-cellulose plate and developed with 0.5 M 
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LiCl and 1 Mformic acid. An autoradiogram of the plate is shown. The positions of 
the unlabeled products, visualized under ultraviolet light, are indicated. (D) A 
saturation isotherm can be generated from these data by plotting the product 
formation as a function of either MgCh (V) orMnCh (m) concentrations. The mean 
values of three replicates with standard errors are presented. (E) The effect of 
fluoride ions on the activity of 1 fiM DlOp on 0.5 fiM capped RNA substrate was 
observed by adding increasing concentrations ofNaF (0 to 50 mM) to the reactions 
performed in the presence of 10 mMMgCh orMnCh. 
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reflected by the different pseudo catalytic constants (&Cat') determined in the 
presence of the two metal ions (0.2 min"1 and 0.1 min"1 for manganese and 
magnesium ions, respectively). 
Previous studies have demonstrated the high sensitivity of other Nudix 
hydrolases, such as the Ap4P pyrophosphatase and the coenzyme A hydrolase, to 
fluoride ions, while the Arabidopsis thaliana Dcp2 decapping enzyme (AtDcp2p) 
was only moderately affected under the same conditions [4, 14, 22]. The 
susceptibility of the recombinant DlOp to inhibition by fluoride ions was therefore 
tested. Similarly to AtDcp2p, DlOp did not present any susceptibility to fluoride 
ions in the presence of MnCk or MgCb (Fig. IE). This is also evidenced by the ftcat' 
values which remained identical upon incubation with 0.1 mM NaF (0.2 min"1 and 
0.1 min"1 in the presence of manganese and magnesium ions, respectively). 
However, a moderate inhibition could be observed in the presence of MgCh when 
the enzyme was incubated with a very high concentration of NaF (5 mM) (Fig. IE). 
These results demonstrate that the two decapping enzymes DlOp and AtDcp2p 
share a similar lack of inhibition by fluoride ions, which sets them apart from other 
Nudix hydrolase family members. 
Interaction with divalent cations 
Fluorescence spectroscopy was used to monitor the interaction of metal ions to 
DlOp. Using the intrinsic fluorescence of the sole tryptophan residue of the D10 
protein (Trp-43), the enzyme was excited at a wavelength of 290 nm. The enzyme 
in standard buffer generated a fluorescence emission spectrum with a maximal peak 
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at 336 nm (Fig. 2A). Analysis of the molar intensity of the fluorescence emission of 
DlOp revealed a linear change of 7.3 fluorescence intensity units/uM of protein 
over the range examined (Fig. 2A, inset). This relatively small change can likely be 
attributed to small losses of proteins from solution through adhesion. All subsequent 
binding experiments were performed at a protein concentration of 1 uM with the 
assumption that the binding equilibrium was not affected by the presence of 
aggregation equilibrium. 
To evaluate the dissociation constant (^D) for the interaction of metal ions 
with the recombinant DlOp, various concentrations of either MgCk or MnCb ions 
were added to the purified enzyme, and the fluorescence emission was monitored. 
A decrease in fluorescence intensity was observed when the protein was titrated 
with increasing amounts of magnesium or manganese ions (Fig. 2B, inset). No 
fluorescence intensity variation was observed upon addition of calcium, sodium or 
lithium ions to DlOp, supporting the specificity of the binding observed in the 
presence of magnesium or manganese ions (Supplementary Fig. 1). The binding 
data for magnesium and manganese ions indicate that the enzyme displays similar 
affinity for both metal ions, as determined from the respective Kv and AG values 
(Fig. 2B, and Table 1). In order to confirm these results, we also evaluated the 
binding of manganese and magnesium to DlOp using circular dichroism. The molar 
ellipticity of the enzyme was monitored from 200 to 250 nm as a function of added 
MgCl2 or MnCl2 ions (Fig. 2C). A plot of the ellipticity variation at 222 nm, 
representative of changes in a-helical structures, as a function of added divalent 
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Chapitre 3, Figure 2. Titration of DlOp with divalent cations. 
(A) Fluorescence emission spectra of 1 nM DlOp in decapping buffer. A graph of 
the molar fluorescence of DlOp is shown in the inset where various concentrations 
of the purified protein were assayed. Emission was monitored at 339 nm and 
excitation was performed at 290 nm. (B) The effect of increasing amounts ofMnCh 
added to the enzyme on the fluorescence spectra is shown in the inset. The emission 
spectrum was scanned from 310 to 440 nm. A saturation isotherm can be generated 
from these data by plotting the change in fluorescence intensity at 339 nm as a 
function of added MnCh (m). Results for MgCh binding are also shown (V). For 
both ions, the mean values of three replicates are presented, with standard errors. 
(C) The D10 protein was titrated with increasing manganese concentrations in 
decapping buffer and the resulting conformational changes were monitored using 
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circular dichroism. The far-UV (200-250 nm) spectra obtained for D.1Op alone or in 
the presence of 25 mMand 50 mM MnCh are presented. (D) A saturation isotherm 
can be generated from these data by plotting the change in ellipticity at 222 nm as a 
function of added MgCh (V) or MnCh (m). (E) Kinetic analysis of real-time 
binding ofMnCU to the D10 protein. 100 mMMgCh was injected to the enzyme in 
decapping buffer, and emission was monitored for 20 s at 335 nm, and excitation 
was performed at 290 nm. (F) Standard titration assays were performed using 
Mn + ions in the presence of increasing amounts ofMg + ions. The concentrations 
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Chapitre 3, Figure Supplementaire 1. Specificity of metal ions binding to DIOp. 
Fluorescence emission spectra of 1 /xM DIOp in decapping buffer. Excitation was 
performed at 290 nm and the emission spectrum was scanned from 310 to 440 nm. 
The fluorescence emission of the D10 protein is monitored in the absence (m) or 
presence of 50 mM calcium (o), sodium (A) or lithium (V) ions. 
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results obtained in fluorescence spectroscopy experiments, with KD values of 4.7 ± 
1.7 raM for the binding of manganese ions, and 2.1 ± 0.4 for the interaction of 
magnesium ions with DIOp. 
Analysis of Hill plots generated from the Mg2+ and Mn2+ fluorescence 
spectroscopy binding assays indicated a lack of cooperativity (0.9 ± 0.3) for the 
binding of both ions to DIOp (Supplementary Fig. 2A). However, derivation of the 
binding data with the Scatchard equation yielded curves displaying the typical 
appearance of two-site binding plots, for both metal ions (Supplementary Fig. 2B). 
These results suggest the presence of two metal ion binding sites on DIOp with no 
discernable cooperativity between the two sites. The association rate of both ions to 
DIOp was also evaluated by real-time fluorescence spectroscopy (Fig. 2E). Both 
ions associate readily with the enzyme, as judged from the association rate values 
obtained for manganese and magnesium binding to DIOp (4.1 ± 0.4 mM'sec"1 and 
3.7 ± 0.7 mM^sec"1, respectively). 
With the difference in catalytic activity of DIOp observed in the presence of Mg 
or Mn2+ ion, and the differences in the binding of the two ions to the enzyme, we 
wondered whether the two metal ions bind to the same site on DIOp. To answer this 
question, we performed competitive alternative ligand binding experiments using 
fluorescence spectroscopy. The saturation isotherm determined for the binding of 
Mn2+ to DIOp was compared with curves obtained in the presence of Mn2+ and 
either 1 raM or 5 mM Mg2+ (Fig. 2F). We also performed the reverse experiment, 
where Mg2+ binding was competed with increasing Mn2+ concentrations 
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Chapitre 3, Figure Supplemental 2. Hill and Scatchard derivations for metal ion 
binding to Dl Op. 
Derivation of the binding data from fluorescence spectroscopy binding experiments 
with the Hill or Scatchard equations, (a) Hill plots for manganese (m) and 
magnesium (V) binding to DlOp, and Scatchard plots for the interaction of 
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Chapitre 3, Figure Supplementaire 3. Competitive alternative ligand binding 
experiment. 
Standard titration assays were performed using Mg2+ ions in the presence of 
increasing amounts of Mn + ions. The concentrations of Mn + ions used in these 
experiments were 0 mM (m), 1 mMM (•), and 5 mM (a). 
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binding of Mg and Mn is not mutually exclusive [23, 24]. Instead, the addition 
of the second ion (Mg2+) yields an additive variation in the fluorescence emitted by 
DlOp already saturated with the first one. We conclude that at least two metal ion 
binding sites are present on the enzyme. 
Synergistic activation ofDIOp by metal ions 
The previous results led us to suspect that DlOp exploits a two-metal ion 
mechanism for catalytic activity to occur. With the assumption that each site 
demonstrates a preference for either Mg2+ or Mn2+, a mixture of suboptimal 
concentrations of each metal ion should produce a synergistic activation of the 
DlOp activity. Such activation was observed using concentrations of 0.25 and 0.5 
mM of each ion (Fig. 3). In the presence of 0.25 mM MgC^, the addition of DlOp 
resulted in the release of 0.11 ± 0.05 pmoles of product, while 1.4 ± 0.5 pmoles 
were generated in the presence of 0.25 mM MnC^. However, with 0.25 mM of both 
ions, an activity of 3.1 ± 0.2 pmoles was observed. The latter product formation 
equals to more than the sum of the products generated with each ion separately. 
Similar results were obtained using 0.5 mM MgCb or MnCh. This synergistic 
activation of DlOp is in agreement with a two-metal mechanism [25, 26]. 
In order to emphasize that the previous results were specifically due to the 
presence of these two particular ions, and not of an ionic environment change 
generated by the addition of another divalent cation in solution, the latter 
experiment was repeated in the presence of CaCb and C0CI2. Calcium ions could 
not support DlOp activity and did not produce a synergistic activation of DlOp in 
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the presence of manganese (Fig. 3). The cobalt ion, however, supported DlOp 
catalytic activity, but also failed to demonstrate a synergistic effect on the enzyme 
when tested with manganese ion (Fig. 3). We therefore conclude that the synergistic 
activation of DlOp by manganese and magnesium is a specific effect, due to the 
presence of both ions and not to a modification of the ionic strength of the reaction 
mixture. 
Modelization of the active site and mechanism of action 
The Dcp2 decapping enzymes examined so far present three highly conserved 
domains required for different aspects of their activity. A main 109-aa Nudix 
domain comprising the 23-aa Nudix motif is required for the hydrolytic activity of 
the enzymes. This region is surrounded by two additional domains (a 38-aa Box A 
and a 20-aa Box B) [3, 15]. Box A has been associated with the specificity of the 
hydrolytic activity of the enzyme in human Dcp2p, while Box B is structured into 
an a-helix and appears to be required for the interaction with RNA. Analysis of the 
DlOp amino acid sequence does not reveal a high homology with the Box A found 
in other decapping enzymes. Only 4 of the 14 absolutely conserved amino acids in 
yeast, plant and human are found in DlOp (Fig. 4A) [6]. Moreover, the enzyme only 
possesses 2 of the 4 main amino acids conserved in the Box B of decapping 
enzymes (Fig. 4A). However, structural modelization of the DlOp region 
corresponding to the Box B suggests that it could still adopt an a-helical structure 
(data not shown). Interestingly, we also observed that the DlOp Nudix motif 
presents a very high conservation with the Nudix motif from the Dcp2p of other 
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Chapitre 3, Figure 3. Synergistic activation of DIOp. 
Reaction mixtures containing 1 /iM DIOp, 0.5 juM capped RNA substrate and 
various concentrations of metal ions, were incubated for 1 h at 37°C. The products 
were analyzed by TLC and quantified by autoradiography. The mean values of 
three replicates are presented, with standard errors. 
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Chapitre 3, Figure 4. Sequence conservation within the Nudix motif of decapping 
enzymes and modelization of the D10 protein. 
(A) Alignments of the amino acids 11-48, 126-148, and 216-235 respectively from 
the Box A, Nudix motif and Box B of the vaccinia virus D10 protein are presented 
with the corresponding motifs in Arabidopsis thaliana (atDcp2), Saccharomyces 
cerevisiae (ceDcp2), human (hDcp2), and Schizosaccharomyces pombe (spDcp2) 
decapping enzymes. The positions of amino acids corresponding to the sequence of 
the vaccinia virus D10 protein are indicated. Black boxes represent consensus 
amino acids in all 5 sequences, while grey boxes highlight conserved amino acids. 
The Nudix motif consensus sequence is presented below the alignment. (B) 
Predicted three-dimensional structure of the active site of the vaccinia virus D10 
protein (amino acids 111-123). The characteristic loop - a helix - loop fold found 
162 
in other decapping enzymes is shown in a darker shade of grey. (C) Mechanistic 
model for the two-metal ion mechanism of the D10 protein decapping activity. In 
the chemical step, Glu-132 and Glu-145 are engaged in the coordination of divalent 
cations, while Glu-141 would be required for the polarization of the attacking water 
molecule involved in catalysis. 
163 
species (Fig. 4A). Even though DlOp has a low overall identity with the decapping 
enzymes presented in figure 4A, with percentages ranging from 18% for hDcp2p 
and 22% for the A. thaliana Dcp2 protein (AtDcp2p), structural alignment of part of 
the Nudix domain of DlOp with that of S. pombe (spDcp2p) showed a high level of 
homology between the catalytic centers of both enzymes. Amino acids 111 to 123 
of DlOp were therefore modelized based on the crystal structure of spDcp2p (Fig. 
4B). The loop - a helix - loop structural motif is conserved in DlOp, along with the 
3 critical glutamates (E141, E144, E145) of the Nudix motif. 
Based on this structural model, sequence alignments, and previously 
suggested mechanisms [4, 12, 27], a model of the catalytic step of the decapping 
mechanism of DlOp was produced (Fig. 4C). In this model a two-metal ion 
mechanism is proposed for the chemical step of the reaction, where glutamate 141 
is involved in polarization and positioning of a water molecule for the attack on the 
a-P phosphate bond, whereas glutamates 132 and 145 both coordinate a divalent 
cation. The El45-coordinated ion (Me2+i) would assume a role in stabilizing the 
water for catalysis, while the E132-coordinated ion (Me2+2) would sustain a 
structural role by stabilizing the interaction with RNA. 
Mutational analysis 
In order to provide experimental evidence for the proposed mechanism, we 
generated a series of enzymatic mutants. Glu-132, Glu-141, and Glu-145 were 
substituted for alanine, and the mutant polypeptides were expressed and purified in 
parallel with the wild-type enzyme. The relative activity of the purified mutants was 
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assessed and compared with the wild-type DIOp. Activity levels of 7.8 ± 0.2 %, 
10.0 ± 1.0 % and 12.2 ± 2.0 % were obtained for the E132A, E141A and E145A 
mutants (Fig. 5A). Furthermore, fluorescence spectroscopy was used to evaluate the 
ability of the mutants to bind magnesium and manganese ions, in order to 
investigate a possible correlation between the lack of activity of the mutants and a 
decrease in their affinity for ions (Fig. 5B, C, D, E and Table 1). The E132A mutant 
showed a 5-fold reduced affinity for Mg2+, but retained a Mn2+ affinity similar to 
that of the wild-type. The E141A mutant demonstrated only slight variations in both 
Mg2+ and Mn2+ binding, as evidenced from the KQ and AG values. Finally, the 
El45A mutant also presented a slight 2-fold variation in its affinity for Mg2+, while 
the Mn2+ binding was reduced 6-fold. In the case of the E132A and E145A mutants, 
only one proposed metal ion binding site was tentatively disrupted by the single 
point mutations leaving a second possible binding site available for interaction. This 
likely explains the low range variation obtained for the dissociation constants. The 
interaction of manganese with the DIOp E141A and El45A mutants was also 
confirmed using circular dichroism. The dissociation constants obtained are similar 
to those measured in fluorescence spectroscopy, with values of 6.4 ± 2.3 mM and 
18.5 ± 5.8 mM for the titration of DIOp E141A and E145A with manganese ions, 
respectively (Fig. 5F). These results demonstrate that the mutations affect the 
binding of divalent cations by the enzyme in ways that correlate with our proposed 
mechanism. It also points out a preference for magnesium at the El32 binding site, 
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Chapitre 3, Figure 5. Effect of DlOp glutamate mutants on activity and ion 
interaction. 
(A) The wild-type and DlOp mutants (WT, El32A, El41A and El45A) were 
incubated with a capped RNA substrate (0.5 pM) for 1.5 h at 37°C with 10 mM 
MgCh and W.mM MnCh in decapping buffer. The reactions were stopped by the 
addition of EDTA to 50 mM. The products were analyzed by TLC, quantified by 
autoradiography, and are presented as a percentage of the wild-type acitivty. (B-E) 
Hanes-Wolf representation of the saturation isotherms of the fluorescence emission 
spectra for the binding of magnesium (B, D) and manganese ions (C, E) to the WT 
(m) and mutant D10 proteins; E132A (a), E141A (V) and E145A (0). (F) Hanes-
Wolf representation of the saturation isotherms of the circular dichroism far-UV 
spectra for the manganese ion binding by the DlOp WT (m) and mutant D10 
proteins; E141A (V) and E145A (0). 
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Thus far, vaccinia virus represents the only mammalian virus for which decapping 
enzymes have been experimentally demonstrated [8-10]. The decapping activity 
appears critical to accelerate viral mRNA turnover and to eliminate competing 
cellular mRNAs. In the present study, the interaction of the vaccinia virus D10 
decapping enzyme with divalent cations was evaluated. According to our results, a 
synergistic activation of the DlOp catalytic activity is observed when both 
magnesium and manganese ions are present. Moerover, competitive alternative 
ligand binding assays confirmed the presence of two metal ion binding sites on the 
enzyme. Our mutational analysis also revealed a preference by specific amino acids 
for a particular ion. Namely, we observed a decrease in magnesium ions binding 
when El32 was substituted for alanine and a reduced affinity for manganese ions 
for the El45A mutant. These results support a two-metal ion mechanism with the 
enzyme being able to catalyze its hydrolytic reaction in the presence of either 
divalent ions, but with a higher activity when both sites are filed with their 
preferential ion. In our model, one of the metal ions (Me2+2) is coordinated by El 32 
and involved in contacts with the P and y phosphates of the cap, stabilizing the 
m7GDP leaving group, and probably involved in the positioning of the methylated 
cap for the hydrolytic attack. The other metal ion (Me2+i) is coordinated mainly by 
El45 and likely required for the orientation of the water molecule for the attack on 
the a-p pyrophosphate bond of the cap structure. The E141 is also likely to be at 
hydrogen-bonding distance of Me2+i and could be involved in its coordination 
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especially after the catalytic step, as seen in other Nudix hydrolases [12]. During the 
catalytic step, E141 would serve as a general base to either initiate catalysis or 
stabilize the attacking water molecule [12]. 
The mechanism described here for the D10 viral decapping enzyme could 
apply to other decapping enzymes in metazoans. However, analysis of the DlOp 
sequence showed only partial homology with Dcp2 enzymes. While the Nudix 
motif is absolutely conserved, the Boxes A and B commonly found in Dcp2p are 
virtually absent in DlOp. The protein, with its 248 a.a., is also much shorter than the 
S. pombe, S. cerevisiae, A. thaliana and human Dcp2 enzymes [6, 28]. Nonetheless, 
the catalytic core of DlOp seems to share common features with the one found in 
Dcp2 enzymes. For instance, the AtDcp2 protein has been shown to lack the 
particular fluoride ions susceptibility which is characteristic of some members of 
the Nudix hydrolases family, a property that appeared to be shared by DlOp [4, 13]. 
Furthermore, modelization of the active site of DlOp on the spDcp2p structure 
outlined a high homology of the catalytic center of these enzymes. Although 
experimental evidences are lacking, a two-metal ion mechanism was also recently 
postulated for AtDcp2p [3]. Therefore, we hypothesise that the two-metal ion 
mechanism of the vaccinia virus decapping enzyme might be common to other 
Dcp2 proteins. Supporting evidences come from the characterization of the human, 
S. pombe and A. thaliana Dcp2p [3, 4, 29]. In all cases, the enzymes were active in 
presence of magnesium but the addition of manganese yielded a major increase in 
decapping activity, similarly to what was observed for DlOp. The glutamate 132, 
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proposed here for the coordination of a metal ion, is invariably conserved in all 
Dcp2-like enzymes examined so far, and has been shown in some Nudix family 
members to be required for activity [16, 30]. Previous studies on decapping 
enzymes did, however, suggest another glutamate for ion coordination [6, 31]. The 
Glu-192 in S. pombe was observed to be pointing towards the bound ATP in the 
resolved crystal structure. This residue is found in many decapping enzymes, but is 
not conserved in DlOp [6, 32]. Since this glutamate is critical for decapping activity 
in S. pombe, it might be involved in substrate recognition, coordination of the 
second metal ion, or the possible coordination of a third metal ion [6, 31]. Future 
work on decapping enzymes will tell us if the two-metal ion mechanism utilized by 
DlOp is also employed by Dcp2 enzymes or is only shared with other poxviruses 
decapping enzymes. 
Another interesting feature of the vaccinia virus DlOp is its lack of an 
obvious cofactor for its decapping activity [8]. Dcp2 enzymes typically form 
heterodimers with Dcpl proteins, which possess no intrinsic decapping activity and, 
while not required for Dcp2 activity in humans and plants, seem to act in stabilizing 
the most catalytically efficient conformation of Dcp2p [3, 4, 31]. Moreover, 
structural analysis revealed the scavenger decapping enzymes (DcpS) to be a 
dimeric protein [33]. Interestingly, DlOp was only present as a monomer in vitro 
(data not shown). However, it cannot be excluded that the protein could have other 
interaction partners in cells. The vaccinia virus possesses a second decapping 
enzyme encoded by the D9 gene. Unlike the Dcpl protein of humans and yeasts, 
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the D9 protein (D9p) demonstrates an effective hydrolytic decapping activity of its 
own [8, 10]. Even though D9p is expressed during early transcription of the virus 
while DlOp is under the regulation of a late promoter, they might interact during 
their overlapping life span to modulate the decapping efficiency of one or both the 
enzymes. It would be equally interesting to investigate the possible interaction of 
DlOp with the cellular Dcplp. Even if the amino acids of the mapped interface of 
Dcp2p with Dcplp are not conserved in DlOp, with the presence of only 1 of the 8 
amino acids outlined for recognition, a different interaction may be possible to 
either affect DlOp activity or its localization in cells [31]. Moreover, the Ge-1 
cellular protein could be investigated for possible interactions with DlOp since it 
has been shown to localize to the P-bodies and interact with host Dcp enzymes [34-
36]. Further analysis could lead to the discovery of cellular interaction partners with 
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DISCUSSION 
1. Developper des molecules inhibitrices contre les ARN 5'-triphosphatases 
Les ARN 5'-triphosphatases virales et fongiques representent les meilleures 
cibles potentielles pour le developpement d'antiviraux et antifongiques ciblant une 
activite requise pour la synthese de la structure coiffe etant donne leur grande 
divergence avec les ARN 5'-triphosphatases humaines. Dans cette etude, nous 
avons pu demontrer qu'il existe egalement des differences au niveau des 
mecanismes precis utilises par les differents enzymes d'une meme classe. Par 
exemple, chez l'ARN 5'-triphosphatase de levure, l'interaction avec les ions 
stabilise l'interaction de la phosphohydrolase avec son substrat ARN (Bisaillon et 
Bougie, 2003). Par contraste, nos resultats suggerent que, pour l'ARN 5'-
triphosphatase du virus PBCV-1, l'interaction avec des ions divalents metalliques 
pourrait provoquer un changement dans le positionnement des acides amines du site 
actif pour permettre la catalyse (Chapitre 1). Ces differences mecanistiques 
suggerent la possibility de developper des inhibiteurs specifiques contre des ARN 
triphosphatases virales ou fongiques. Les ARN 5'-triphosphatases reconnaissant 
l'extremite 5' triphosphorylee d'un ARN, cette interaction peut etre inhibee par des 
nucleotides ou du tripolyphosphate (Cong et Shuman, 2002, Issur et ah, 2009). II 
serait done interessant de poursuivre des etudes pour determiner si certains 
analogues de nucleotides seraient a meme d'inhiber specifiquement TARN 5'-
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triphosphatase virale A449R avec un effet moindre sur 1'enzyme de levure, et sans 
effets nefastes sur l'activite de la proteine humaine. 
En retrospective, il existe une seconde hypothese pour le role des ions 
divalents dans le mecanisme de l'ARN 5'-triphosphatases de PBCV-1 que nous 
n'avons pas exclu dans notre etude. II est possible que l'ion magnesium soit 
directement implique dans la catalyse par activation du nucleophile responsable de 
l'attaque pour l'hydrolyse du phosphate y de l'ARN. Cette hypothese pourrait etre 
verifiee par une technique impliquant le cobalt hexamine. Cette molecule mime un 
ion divalent avec sa premiere sphere de solvatation. Ainsi, en utilisant cette 
molecule au lieu de l'ion magnesium pour des essais catalytiques, nous pourrions 
savoir si la presence de cet ion modifie est capable de supporter l'activite de 
l'enzyme. Si l'activite ARN 5'-triphosphatase de A449R est possible en presence 
de cobalt hexamine, cela supporterait notre hypothese d'une implication de l'ion 
dans le positionnement des acides amines du centre catalytique. Par oppositon, une 
absence d'activite en presence de cobalt hexamine pourrait suggerer un role direct 
pour l'ion dans une interaction directe avec une molecule d'eau ou un acide amine 
pour leur activation comme nucleophile pour l'hydrolyse du phosphate de l'ARN. 
Depuis la parution de l'etude sur l'ARN 5'-triphosphatase de PBCV-1 
presentee au Chapitre 1 de cette these, de nouveaux outils ont ete developpes pour 
permettre l'avancement des connaissances au niveau du type d'inhibiteurs qui 
pourrait etre utilises pour cibler ces enzymes. D'abord, des outils informatiques sont 
maintenant a notre disposition pour permettre de modeliser la conformation tertiaire 
d'enzymes dont la structure tridimensionnelle n'a pas ete resolue par 
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cristallographie. Pour ce faire, nous pouvons utiliser un programme tel que Swiss-
PdbViewer (Guex et Peitsch, 1997). La sequence primaire de deux proteines 
homologues, dont la structure tertiaire de la premiere proteine est connue, est 
alignee, et le programme tente de generer une structure tertiaire pour la seconde 
proteine a partir de cet alignement. Par exemple, a partir du cristal de l'ARN 5'-
triphosphatase de la levure Saccharomyces cerevisiae (Fig. 1 A), j 'a i recemment pu 
generer un modele de la structure tertiaire de la proteine A449R du virus de la 
vaccine (Fig. IB). Cette structure supporte les predictions precedentes faites par le 
groupe du Dr Shuman suggerant que A449R peut adopter une structure incluant un 
tunnel de feuillets betas similaire a celui retrouve chez la proteine Cetl (Fig. 1C) 
(Cong et Shuman, 2002). La grande majorite des acides amines ayant ete demontres 
par analyse mutationnelle comme ayant un effet sur l'activite de l'enzyme pointent 
vers l'interieur du tunnel dans notre structure modelisee, supportant le modele de 
structure tertiaire de A449R propose ici. Sur les 17 mutations generees 
prealablement par le groupe du Dr Shuman (Cong et Shuman, 2002), seulement 3 
ne semblent pas se retrouver directement au niveau du tunnel du site actif dans la 
structure modelisee, mais pourraient potentiellement jouer un role structural. La 
structure obtenue suggere egalement certains acides amines tels Glul57, Gln84, 
Glu88, qui seraient orientes vers le centre du tunnel. Ces acides amines ne se 
retrouvent pas dans les domaines typiquement conservees chez les ARN 
guanylyltransferases et les residus correspondant chez Saccharomyces cerevisiae ne 
se situent pas au niveau des parois laterales du tunnel de la structure tertiaire 
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Discussion, Figure 1. Modelisation de la structure tertiaire de A449R. 
(A) Structure par cristallographie de l'ARN 5'-triphosphatase de Saccharomyces 
cerevisiae, Cetl (PDB 1D8H). (B) Modilisation de la structure tertiaire de la proteine 
A449R de PBCV-1 par leprogramme Swiss-PdbViewer. (C) Superposition des structures 
retrouvees en (A) et (B). 
determinee par cristallographie. II serait inte>essant de verifier si ces acides amines 
sont importants pour l'activite de A449R. Ces informations pourraient fournir des 
differences supplementaires a exploiter pour cibler specifiquemnet les ARN 
triphosphatases virales ou fongiques. De plus, si cette modilisation de la structure 
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de A449R avait ete generee durant les recherches presentees dans le Chapitre 1, 
d'autres acides amines qui pourraient etre importants pour la catalyse ou 
1'interaction avec les ions par 1'enzyme auraient pu etre cibles. Par exemple, l'acide 
amine Glul63 de A449R se retrouve a proximite de l'ion retrouve au site actif dans 
la structure cristallographique de l'ARN 5'-triphosphatase de levure plutot que le 
Glul65 suggere par alignement de la sequence primaire des deux enzymes. Les 
mutations des Glul63 et Glul65 pour une alanine entraine une perte de l'activite 
ARN 5'-triphosphatase in vitro (Cong et Shuman, 2002). De plus, la mutation du 
Glul65 reduit fortement la capacite de A449R a interagir avec le magnesium, tel 
que presente dans le Chapitre 1 de cette these. II demeure possible que la mutation 
du Glul65 affecte le positionnement des acides amines environnant reduisant leur 
interaction possible avec l'ion. Le modele de la structure tertiaire de A449R aurait 
pu amener a mieux selectionner les acides amines a muter pour nos analyses. 
Quoique ces moderations de la structure tertiaire des proteines ne generent 
que des structures hypothetiques, ces dernieres permettent de mieux visualiser le 
site actif potentiel et peuvent, tel que presente, suggerer des acides amines qui 
pourraient se retrouver aux sites actifs reels des enzymes. Ces modeles aident a 
cibler les recherches a faire et peuvent nous aider a suggerer des mecanismes 
d'action pour diverses activites catalytiques. Nous pouvons egalement penser a 
utiliser ces modeles pour le dessin rationnel d'inhibiteurs. De plus, nous avons 
maintenant acces a des banques d'analogues de nucleotides disponibles 
commercialement. Avec de tels analogues, nous pouvons tenter d'inhiber l'activite 
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des ARN 5'-triphosphatases mais egalement d'autres proteines utilisant des 
nucleotides ou de TARN comme substrat pour lew activite catalytique. Cette 
approche a d'ailleurs ete appliquee recemment dans le laboratoire du Dr Martin 
Bisaillon pour la caracterisation de l'ARN 5'-triphosphatase de levure (Issur et ah, 
2009), l'ARN helicase du virus du Nil occidental (Despins et ah, soumis a Nucleic 
Acids Research) et de la proteine virale D10 impliquee dans la degradation de la 
coiffe (Discute dans la section 6). 
II semble clair qu'au niveau de la caracterisation des ARN 5'-
triphosphatases, les prochaines etudes devraient, en utilisant les outils 
bioinformatiques ainsi que les banques d'analogues disponibles, se concentrer sur le 
dessin d'inhibiteurs specifiques pouvant cibler ces enzymes et pouvant etre utilises 
pour des etudes subsequentes in vivo. 
2. ARN guanylyltransferases: etapes de la reaction et changement 
conformationnel 
En ce qui concerae les ARN guanylyltransferases, 1'etude de la proteine 
A103R a permis de dechiffrer le mecanisme catalytique de ces enzymes et de 
presenter un schema des energies impliquees dans toutes les etapes de la reaction 
(Chapitre 2). Quoique nous avons pu demontrer que toutes les etapes sont 
reversibles, certaines seront favorisees dans un sens ou dans 1'autre dans le but de 
generer le produit final ou de regenerer le substrat initial pour ne pas coincer la 
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proteine dans une conformation inutile si le second substrat d'ARN diphosphoryle 
n'est pas present au moment voulu. L'etape limitante de la reaction a egalement ete 
identifiee comme etant 1'interaction de 1'enzyme avec son second substrat, 1'ARN 
diphosphoryle. Je crois par contre que ces evenements revetent une importance 
moindre dans la cellule, ou les ARN 5'-triphosphatases et les ARN 
guanylyltransferases se trouvent recrutees au niveau de 1'ARN polymerase II durant 
la transcription et ou le substrat d'ARN est done delivre directement aux enzymes 
pour la catalyse. Le produit final, 1'ARN coiffe, sera ensuite cible pour la 
methylation par une ARN guanine-7 methyltransferase qui se retrouve egalement au 
complexe de replication, empechant ainsi la reaction inverse de se produire dans un 
contexte cellulaire. 
II semblait d'abord surprenant, durant les etudes cinetiques effectuees sur la 
proteine A103R, de ne pas observer le changement de conformation suggere par les 
differentes structures tertiaires decouvertes par cristallographie. Par contre, apres 
mure reflexion, 1'ARN guanylyltransferase utilisee provient d'un virus qui infecte 
normalement des algues unicellulaires. Ces algues vivent dans les lacs, dans un 
environnement bien different des conditions experimentales utilisees en laboratoire, 
mais surtout a une temperature beaucoup plus basse, pres de 4°C. J'ai done repris 
quelques experiences de cinetiques a cette temperature. Le deroulement de la 
premiere etape de la reaction, moment auquel le changement conformationnel 
devrait se produire, est observe par la formation du complexe covalent enzyme-
GMP (EpG) en presence de concentrations croissantes du substrat GTP. Un retard 
initial au niveau de la catalyse est observe lorsque les reactions sont effectuees a 
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4°C. Ce retard pourrait correspondre a un ralentissement a cette temperature du 
changement conformationnel ayant lieu apres l'interaction avec le GTP (Fig. 2). II 
est done possible que dans le contexte cellulaire du virus, le changement de 
conformation de l'ARN guanylyltransferase durant la premiere etape de la reaction 
soit une etape plus limitante pour le deroulement de cette reaction que les resultats 
in vitro ne nous ont indique. 
3. Pourquoi une coiffe guanosine? 
L'etude des ARN guanylyltransferases revet, a mon avis, une plus grande 
importance au niveau de la comprehension fondamentale des processus cellulaires 
que du developpement potentiel d'inhibiteurs viraux. Malgre tout, la demonstration 
a ete faite dans cette these que le foscarnet est un inhibiteur de cette 
reaction(Chapitre 2), et la decouverte recente d'une seconde famille d'ARN 
guanylyltransferases chez les Flavivirus ouvre la voie au developpement 
d'inhibiteurs pour ces virus a ARN (Issur, Geiss et ah, 2009). Par contre, de facon 
tres interessante, la caracterisation des ARN guanylyltransferases permet de faire la 
comparaison de leur activite catalytique avec celle des ligases qui sont des membres 
de la meme famille de proteines, les nucleotidyltranferases (Shuman et Schwer, 
2006). Les ligases utilisent une molecule d'ATP, plutot que du GTP, comme 
substrat pour la formation d'un lien covalent avec une base monophosphorylee et 
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Discussion, Figure 2. Caracterisation cinetique de la premiere etape de la reaction 
d'ARN guanylyltransferase a 4 °C. 
Formation du complexe enzyme-GMP (EpG) a partir de concentrations initiales variables 
de substrat GTP (1, 5, 10, 25, 100 fxM). Tous les reactifs sont preincubes a 4°C. La 
reaction est incubee a 4°C et arretee a differents temps par I'ajout d'EDTA. 
son transfert subsequent. La question fondamentale qui s'en suit est: Pourquoi 
coiffer des ARNm avec un residu guanosine? Est-ce que la specificite pour la coiffe 
guanosine dans une cellule est exclusivement due a l'ARN guanylyltransferase? 
Des etudes sont en cours dans le laboratoire du Dr Bisaillon pour determiner quels 
acides amines de l'ARN guanylyltransferase A103R sont responsables de sa 
specificite envers de GTP, et tenter de changer cette ARN guanylyltransferase en 
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ARN adenylyltransferase. De mon cote, j 'ai explore une voie alternative avec 
l'usage d'un ARN catalytique (ribozyme) du laboratoire du Dr Perreault capable de 
catalyser la formation d'un pont 5'-5' a l'extremite 5' d'un substrat de 33 
nucleotides (S3 3) (Fig. 3 A). Ce ribozyme a ete selectionne in vitro par le groupe du 
Dr Peter Unrau (Zaher et al, 2006, Zaher et Unrau, 2006), et une version modifiee 
a ete developpee pour rallonger la sequence de reconnaissance du ribozyme 
(Levesque et al, 2007) (Fig. 3A). Le ribozyme utilise une base phosphorylee et la 
transfere a l'extremite 5' triphosphorylee de son substrat ARN en clivant entre les 
deux premiers phosphates du substrat pour relacher du pyrophosphate (Fig. 3A). Si 
la base transferee possede deux phosphates, le resultat de la catalyse sera un 
substrat ARN coiffe avec un pont 5'-5' de trois phosphates, comme la structure 
coiffe des ARNm. Avec cet outil, des ARN ont pu etre coiffes avec les quatre bases 
A, U, C et G (Fig. 3B). La prochaine etape logique etait d'essayer de methyler un 
ARN coiffe avec une adenosine. La base adenosine possedant un azote a la position 
7, tel que la guanosine, cette base pourrait etre sujette a la methylation par des ARN 
guanine-7 methyltransferases. Malheureusement, aucune methylation d'un ARN 
coiffe par une base adenosine n'a pu etre observee avec l'ARN guanine-7 
methyltransferase Abdl de Saccharomyces cerevisiae, suggerant que cet enzyme de 
levure est specifique a une coiffe guanosine (Fig. 3C). II semble done que des 
determinants specifiques sont responsables de la reconnaissance et du 
positionnement de la base guanosine au centre catalytique de 1'enzyme pour 
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Discussion, Figure 3. Synthese d'une structure coiffe non-canonique par un 
ribozyme. 
(A) Sequence modifiee d'un ribozyme de synthese d'une structure coiffe, avec sequence de 
reconnaissance rallongee (vert) developpee dans le laboratoire du Dr Perreault, et son 
substrat, S33 (bleu), ainsi que le mecanisme du ribozyme. (B) Trahsfert de divers 
nucleotides triphosphates et diphosphates a I'extremite d'un substrat d'ARN de 33 
nucleotides (S33) par le ribozyme dans deux differents tampons de pH variable. (C) Essai 
de methylation par VARNguanine-7 methyltransferase de Saccharomyces cerevisiae Abdl 
sur S33 coiffe avec une guanosine et une adenosine. (Illustration modifiee de Levesque et 
al, 2007) 
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avec differentes ARN guanine-7 methyltransferases. II a cependant deja ete 
demontre que l'ARN guanine-7 methyltransferase de Encephalitozoon cuniculi etait 
capable de methyler des substrats de GTP et GDP in vitro, mais incapable de 
methyler des molecules d'ATP, UTP et CTP (Hausmann et al, 2005). 
Initialement, il avait ete prevu de poursuivre ces experimentations sur la 
specificite cellulaire pour une coiffe guanosine en etudiant l'interaction d'enzymes 
tels que CBC20/CBC80, eIF4E et DlOp, impliques respectivement dans le 
transport, la traduction et la degradation des ARNm, avec les differentes coiffes 
non-canoniques generees par le ribozyme de synthese de structures coiffes. 
Cependant, n'observant aucune methylation sur une coiffe adenosine, je n'ai pas 
poursuivi ces etudes avec les proteines CBC20/CBC80 et eIF4E puisque la 
methylation est un element tres important de leur reconnaissance de la coiffe. Pour 
ce qui est des enzymes de degradation de la coiffe, des resultats preliminaries, qui 
seront presenter dans la prochaine section, suggerent une specificite pour la coiffe 
guanosine methylee, mais l'enzyme interagit egalement avec des molecules de GTP 
et ATP (Discute dans la section 6). Par contre, peut-etre que des outils plus 
avances, par exemple la synthese chimique de coiffes avec des residus non-
canoniques methyles, pourront permettre de poursuivre ces experiences et de 
determiner si les differents autres processus cellulaires sont egalement tous 
specifiques a la coiffe guanosine. La cellule doit avoir developpe cette utilisation 
specifique de la guanosine plutot que de l'adenosine pour un certain nombre de 
raisons. L'utilisation de differents nucleotides triphosphates pour la catalyse de 
divers processus cellulaire permet de reguler ces processus separement en variant 
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individuellement les concentrations intracellulaires de ces nucleotides. De plus, le 
GTP est le nucleotide utilise pour les processus de 1'export des ARNm du noyau 
vers le cytoplasme via le facteur Ran et le GTP est aussi hydrolyse pour la synthese 
proteique dans le ribosome (Dahlberg et Lund, 1998, Katunin et al., 2002). II se 
pourrait done que la specialisation des enzymes de synthese de la coiffe pour ce 
nucleotide suit cette meme voie, ou la majorite des processus relies a la stabilite, au 
transport et la traduction des ARNm soht regules par la concentration intracellulaire 
de GTP (Ataullakhanov et Vitvitsky, 2002, Traut, 1994). 
4. Enzymes de degradation de la structure coiffe: mecanisme et role pour le 
virus de la vaccine 
La proteine D10 du virus de la vaccine etant le premier enzyme viral de 
degradation de la coiffe de la famille des NUDIX hydrolases, sa caracterisation est 
d'importance pour comprendre son utilite pour le virus. Comme le mecanisme 
catalytique des enzymes de degradation de la structure coiffe de cette famille n'etait 
pas connu il y a deux ans, nous nous sommes d'abord concentres sur son 
elucidation en essayant de determiner le mecanisme catalytique utilise par DlOp 
(Chapitre 3). L'utilisation d'un mecanisme a deux ions divalents pour la proteine a 
pu etre propose, ainsi qu'un modele presentant les acides amines potentiellement 
impliques dans la coordination des ions et de la molecule d'eau pour l'hydrolyse de 
la coiffe. 
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Initialement, lors de la decouverte de l'activite catalytique de DlOp, il a ete 
propose que le role de cette derniere pour le virus de la vaccine serait de degrader la 
coiffe des ARNm viraux pour permettre une meilleure transition entre les 
differentes phases transcriptionnelles du virus. Alternativement, DlOp pourrait 
degrader la coiffe des ARNm cellulaires pour faciliter l'acces des ARNm viraux a 
la machinerie traductionnelle (Parrish et Moss, 2006, Parrish et al, 2007). II a 
egalement ete propose que DlOp pourrait montrer une preference pour la 
degradation de coiffes a l'extremite d'un ARNm dont le dernier nucleotide en 5' 
serait une guanosine. Dans les cellules humaines, environ 71% des ARNm transcrits 
possedent une guanosine en 5', alors que 25% arborent une base adenosine (Frith et 
al, 2008). Par contraste, les ARNm du virus de la vaccine possede une sequence de 
poly adenosines de longueur variable en 5'. La majorite des ARNm viraux transcrits 
durant la phase tardive possede cette sequence, alors que seulement une partir des 
ARNm des phases precoce et intermediate presente cette particularite (Ahn et 
Moss, 1989, Baldick et Moss, 1993, Ink et Pickup, 1990). La proteine DlOp etant 
exprimee en phase virale tardive, il semble done tres interessant d'evaluer la 
variation potentielle de l'activite de degradation de la coiffe par DlOp sur des 
substrats d'ARN debutant par l'une ou l'autre des deux purines. J'ai entrepris 
quelques experimentations preliminaires pour lesquelles j 'a i d'abord du synthetiser 
in vitro un ARN avec une adenosine a l'extremite 5'. Une version modifiee du 
promoteur de la polymerase du bacteriophage T7 
(TAATACGACTCACTATA^GCC, oil la fleche represente le point de depart de 
la transcription) a ete utilise pour permettre de synthetiser un ARN debutant avec 
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une adenosine a l'aide de cette polymerase (Chapman et Burgess, 1987). La 
presence d'une adenosine a l'extremite 5' de l'ARN synthetise et coiffe a pu etre 
demontree a l'aide de la migration differentielle de l'extremite coiffee de l'ARN sur 
chromatographic sur couche mince (Fig. 4A). L'affinite de DlOp pour ces deux 
ARN a ete evaluee par spectroscopic a fluorescence, et ces resultats preliminaries 
suggerent une constante de dissociation (KD) de 0.3 uM pour l'ARN debutant pour 
une base guanosine et 1.6 uM pour l'ARN presentant une adenosine a son extremite 
5' (Fig. 4B). Un essai typique de degradation de la coiffe par la proteine D10 en 
presence de concentrations croissantes d'ARN debutant par une guanosine ou une 
adenosine a egalement permis de denoter une difference significative entre la 
degradation des deux ARN (Fig. 4C). La proteine D10 semble done effectivement 
presenter une preference pour les ARN debutant par une guanosine. Ces derniers 
etant majoritaires pour les ARNm cellulaires et potentiellement absents de la 
population d'ARNm viraux en transcription tardive du virus de la vaccine, un effet 
d'autant plus important doit probablement survenir dans un contexte cellulaire. 
L'etude de la preference de DlOp pour certains ARNm merite d'etre poussee plus 
loin, tant au niveau de la preference pour une guanosine en 5', que de 1'effet 
potentiel d'une structure particuliere. La presence d'une sequence de polyA en 5' 
des ARNm viraux du virus de la vaccine suggere 1' absence de structure secondaire 
a cette extremite des ARNm. II a egalement ete demontre que la degradation dans 
des extraits cellulaires des ARNm possedant une sequence de 10 a 21 adenosines en 
5' etait reduite par rapport aux ARNm ne presentant pas de poly adenosines en 5'. 
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Discussion, Figure 4. Degradation differentielle de la coiffe d'un ARN debutant 
par une adenosine ou une guanosine par DIOp. 
(A) Synthese d 'ARN coiffes et methyles se terminant par une adenosine ou une guanosine. 
Les ARN sont digeres a la nuclease PI et migre sur chromatographie sur couche mince 
dans un tampon de LiCl 0.75M. (B) Interaction des ARN avec DIOp evaluee par 
spectroscopie a fluorescence. (C) Pourcentage de degradation de la coiffe des ARN coiffes-
methyles debutant par une adenosine ou une guanosine par DIOp. 
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Cet effet serait du a une diminution de la degradation de la structure coiffe et de la 
degradation 3'—>-5' par l'exosome (Bergman et al, 2007). De plus, un article publie 
recemment suggere que la presence d'une structure tige-boucle moins de 10 
nucleotides en aval de l'extremite 5' d'un ARNm augmente la degradation de sa 
structure coiffe par Penzyme Dcp2 humain (Li et al, 2009). L'absence d'une base 
guanosine, de structure secondaire et le recrutement d'autres proteines en 5' 
pourraient potentiellement agir de facon synergique pour reprimer la degradation de 
la coiffe par DlOp, et peut-etre egalement par D9p, le second enzyme de 
degradation de la structure coiffe chez le virus de la vaccine, et les Dcp2p 
cellulaires. 
L'etude de D9p, exprimee dans la premiere phase de transcription des 
ARNm viraux du virus de la vaccine, serait egalement d'importance. II est possible 
que ce second enzyme de degradation de la coiffe presente egalement une 
preference au niveau de son substrat ARN. Toutes ces informations pourraient 
permettre de confirmer ou infirmer le role de DlOp et D9p dans le cycle viral des 
Poxvirus. De plus, des deletions des genes D9R et DIOR chez le virus de la vaccine 
ont permis d'identifier ces deux genes comme etant importants pour la replication 
virale de facon separee, mais les virus presentant la double deletion des deux genes 
se sont montres impossibles a isoler, suggerant une fonction de compensation 
essentielle entre ces deux genes (Parrish et Moss, 2006). 
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5. Regulation des enzymes viraux de degradation de la structure coiffe 
II serait interessant de verifier si DlOp ou D9p sont regulees par d'autres proteines 
virales ou cellulaires, tant pour leur localisation que pour leur activite catalytique. 
Chez les metazoaires, plusieurs facteurs retrouves aux corps GW interagissent avec 
Dcp2, ou son cofacteur principal Dcpl, pour permettre la localisation de ces 
enzymes aux sites de degradation des ARNm (Souliere et Bisaillon, 2008, 
ANNEXE 2. Article additionnel). Les proteines Lsm 1 a 7, impliquees dans la 
deadenylation des ARNm, Edc («Enhancer of decapping enzymes») 1 a 3, ainsi 
que l'helicase Dhhl stimulent l'activite de degradation des enzymes Dcp2 (Coller et 
al, 2001, Fischer et Weis, 2002, Kshirsagar et Parker, 2004, Schwartz et al, 2003, 
Tharun et Parker, 2001). La proteine PatLl («P-body localizing factor») possede 
egalement deux domaines impliques dans la stimulation de l'activite de degradation 
de la coiffe, alors que la proteine Ge-1 de fonction encore inconnue cible les 
enzymes Dcp2 et Dcpl aux corps GW (Fenger-Gran et al, 2005, Yu et al, 2005). 
Par analyse d'alignement de sequence, j 'ai essay e de decouvrir si certaines 
proteines connues pour interagir avec les enzymes de type Dcp2 pourraient avoir 
des homologues chez le virus de la vaccine. Une analyse preliminaire de recherche 
d'homologues des facteurs Edc 1, 2 et 3, de PatLl, Dhhl, Ge-1 et Varicose 
(homologue de plante de Ge-1) dans le genome du virus de la vaccine a permis de 
decouvrir une certaine homologie entre des domaines des proteines Dhhl et PatLl 
et de la proteine issue du gene D12L (D12p) du virus de la vaccine, impliquee dans 
la methylation de la structure coiffe des ARNm viraux (Fig. 5A). Malheureusement, 
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apres le clonage et expression de cette proteine (Fig. 5B) aucun effet notable sur 
l'activite de degradation de la coiffe par DlOp in vitro en presence de 
concentrations croissantes de D12p n'a pu etre leur effet potentiel sur la degradation 
de la structure coiffe par DlOp ou D9p. II serait interessant de rechercher des 
homologues des proteines Lsm 1 a 7 chez le virus de la vaccine (Ingelfinger et ah, 
2002). II est suggere que les proteines cellulaires Lsm 1 a 7 interagiraient avec 
l'extremite 5' polyadenylee des Poxvirus provoquant une reduction de la 
degradation de ces ARNm (Bergman et al, 2007). II est possible que ces proteines 
empechent simplement la liaison des enzymes de degradation de la coiffe par 
encombrement sterique, mais elles pourraient egalement interagir directement avec 
ces derniers pour inhiber la degradation. Alternativement, 1'effet des proteines 
cellulaires eIF4G, Pabl («PolyA binding protein 1») et de constituants de 
l'exosome sur l'activite de DlOp pourrait etre evalue afm de savoir si la degradation 
de la coiffe par DlOp est regulee ou affectee par des processus cellulaires (Wang et 
Kiledjian, 2001). Etant donne que la proteine D10 semble presenter une preference 
in vitro pour des ARN ay ant une plus grande homologie avec les ARNm cellulaires 
que les ARNm viraux, il semble tres plausible que les proteines virales de 
degradation de la structure coiffe DlOp et D9p se trouveront localisees au corps 
GW cellulaires pour permettre leur activite. Par contre, leur localisation peut aussi 
bien dependre d'un facteur cellulaire que d'une autre proteine virale. Des etudes de 
microscopie pourraient etre utilisees pour determiner la localisation de ces enzymes 
dans des cellules infectees. 
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Discussion, Figure 5. Effet de la proteine D12 du virus de la vaccine sur 1'activity 
de degradation de la coiffe de D1 Op. 
(A) AUgnement des sequences homologues entre les proteines Dhhl de levure et PatLl 
humaine et la proteine virale D12. (B) Gel de polyacrylamide colore" au bleu de Coomassie 
des proteines retrouvees dans les differentes fractions eludes d'une colonne de Ni-NTA 
pour la purification de la proteine D12 d'environ 34 kDa, retrouvee majoritairement dans 
les trois dernieres fractions d'elution. Ces fractions ont subit une dialyse dans un tampon 
50 mM Tris-HCl, 50 mM NaCl, 2 mM DTT, avant d'etre utilisees pour les essais 
subsequents. (C) Effet de concentrations croissantes de D12p sur I 'activite de degradation 
de la coiffe de DIOp. 
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6. Inhibition de DlOp par des analogues de purines 
Tel que suggere precedemment, l'utilisation d'analogues de nucleotides pour 
definir les groupements importants pour la reconnaissance de substrats de type 
nucleotidiques par divers enzymes peut s'averer tres instructif. Cette technique peut 
egalement permettre de mettre au jour les analogues avec un potentiel inhibiteur 
contre ces enzymes. En revanche, plusieurs etudes ont deja demontre que les 
enzymes de type Dcp2 ne sont que peu ou pas inhibes par le produit de la reaction 
de degradation de la coiffe, le m7GDP, ou 1'analogue de coiffe m7GpppG (Cohen et 
al., 2005, Gunawardana et al., 2008). La premiere etude de caracterisation de DlOp 
a en revanche demontre que l'activite de cet enzyme etait reduite de facon 
importante en presence de m7GDP, m7GTP, m7GpppG et m7GpppA (Parrish et al, 
2007). Dans cette etude, les molecules de GDP, GTP, et GpppG non methylees 
n'inhibaient pas la reaction de degradation de la coiffe. 
Apres la determination du mecanisme de degradation de la coiffe de DlOp, il 
semblerait naturel de debuter des etudes sur la reconnaissance de la structure coiffe 
par cet enzyme. Le mecanisme de reconnaissance de la coiffe n'est encore une fois 
pas connu pour les enzymes de degradation de la coiffe de la famille des NUDLX 
hydrolases. Plusieurs enzymes qui interagissent avec la structure coiffe 
reconnaissent la coiffe via un empilement de residus aromatiques au site actif 
(Fechter et Brownlee, 2005), ce qui n'est pas le cas pour les enzymes de 
degradation de la coiffe chez lesquels aucun acide amine aromatique n'est retrouve 
au centre catalytique (Fig. 6A, B, C, D). II serait done interessant de pouvoir 
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determiner les acides amines impliques dans la reconnaissance du substrat chez 
DlOp, et egalement les elements du substrat requis pour 1'interaction avec 
l'enzyme. 
J'ai debute recemment une etude sur le mode de reconnaissance de la coiffe 
par DlOp par l'essai de 1'inhibition potentielle de l'activite de l'enzyme par les 4 
nucleotides de base (Fig. 7A). Contrairement aux resultats obtenus dans une etude 
anterieure sur DlOp par le groupe du Dr Moss (Parrish et al, 2007), le GTP et 
l'ATP non-methyles se sont montres capables d'inhiber la reaction de degradation 
de la structure coiffe a une concentration raisonnable de 100 uM (Fig. 7B). Ce 
resultat pourrait etre explique par le fait que notre enzyme est exprime avec une 
etiquette de polyhistidine qui affecte normalement tres peu l'enzyme, alors que 
l'etude precedente avait ete effectuee avec une proteine munie d'une etiquette 
proteique MBP («Maltose Binding Protein») de 42 kDa (Parrish et al, 2007). La 
proteine D10 etant une petite proteine d'environ 32 kDa, il semble raisonnable de 
penser que la presence de 1'etiquette MBP pourrait affecter sa structure et/ou la 
flexibilite de son site actif. De plus, l'analyse preliminaire suggere que l'inhibition 
par le GTP sur la reaction de degradation de la structure coiffe catalysee par DlOp 
est de type competitive (Fig. 7C), suggerant que le GTP se lierait au site de liaison 
de la coiffe et non a un endroit non specifique sur l'enzyme, qui aurait pu avoir ete 
bloque par la presence d'une etiquette MBP. De surcroit, des essais effectues dans 
les conditions presentees dans l'etude de Parrish et al, mais avec notre proteine 
D10 presentant une etiquette de polyhistidine, ont demontres 1'inhibition du GTP 
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Discussion, Figure 6. Mode de reconnaissance de la structure coiffe par divers 
enzymes. 
(A) Structure tertiaire de eIF4E cristallise'e avec une molecule de m7GTP au site actif(PDB 
JL8B). (B) Structure tertiaire de CBC cristallisee en presence de I'analogue de coiffe 
m7GpppG (PDB 1H2T). (C) Structure tertiaire de VP39 interagissant avec un ARN 
hexame'rique coiffi (PDB 1AV6). (D) Structure tertiaire de du complexe SpDcpl-SpDcpl 
cristallise avec une molecule d'ATP (PDB 2A6T). 
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Discussion, Figure 7. Inhibition competitive de DlOp par des nucleotides. 
(A) Structure des quatre bases de I'ARN (version triphosphorylee). (B) Inhibition de 
I'activite de DlOp (1 fiM) sur un ARN coiffe-methyle (1 fiM) en presence de 100 juM des 
bases G, A, C, U triphosphates. (C) Inhibition competitive du GTP sur I'activite de 
degradation de la coiffe de DlOp. Des concentrations croissantes de GTP (0 fiM, 50 fiM, 
100 fiMet 200 fiM) ont ete ajoutees aux reactions contenants des concentrations egalement 
croissantes d'ARN coiffe-methyle (0.1 fiM, 0.25 fiM, 0.5 fiM, 1 fiM, 2 fiM et 3 juM). Les 
courbes se croisent a I'intersection de I'axe des ordonnees, demontrant la competitivite de 
I'inhibition. (D) Exemple de structure d 'analogues de GTP. Leurs groupements differant du 
GTP sont soulignes en gris. 
sur I'activite de degradation de la structure coiffe. Je prevois done utiliser une 
banque d'analogues telle que presentee a la Fig. 7D pour poursuivre ces etudes et 
caracteriser le site actif de DlOp. II sera tres interessant de determiner les elements 
essentiels de la coiffe pour sa reconnaissance par cet enzyme viral qui nous donne 
l'opportunite unique de sonder son site actif par sa susceptibilite a 1'inhibition par 
des nucleotides. Le clonage en cours d'une version tronquee de la proteine Dcp2 de 
Schizosaccharomyces pombe permettra d'evaluer si l'enzyme de levure est 
egalement susceptible a 1'inhibition par des nucleotides et nous permettra de mieux 
mettre en perspectives les conclusions obtenues par 1'analyse de la proteine virale 
D10. Par contre, il n'est pas certain qu'un effet des analogues de nucleotides puisse 
etre observe sur l'enzyme de levure, puisque peu ou pas d'inhibition a ete observe 
precedemment chez les homologues de nematode et de plante par le m7GDP ou le 
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m
 GpppG (Cohen et al, 2005, Gunawardana et al, 2008). Nous n'avons aucune 
suggestion experimentale de la raison pour laquelle DlOp serait inhibee plus 
fortement par les analogues de nucleotides. Par contre, cet effet pourrait etre du a 
l'absence du domaine B ehez DlOp (Fig. 8). Ce domaine est associe a l'interaction 
avec TARN chez les enzymes de type Dcp2, et son absence pourrait mener a la 
necessite d'une interaction presqu'exclusivement dependante de la coiffe chez 
DlOp. Les analogues seraient ainsi plus a meme d'inhiber l'activite de degradation 
de la coiffe par DlOp si ces derniers n'ont qu'a competitionner avec la coiffe pour 
la liaison. La presence d'interactions avec le corps de 1'ARN pour les proteines 
Dcp2 permet une interaction non exclusivement dependante de la structure coiffe et 
permet de positionner la coiffe au site aetif. II est d'ailleurs suggere que la coiffe ne 
serait reconnue que durant l'etape de catalyse chez les enzymes de type Dcp2 
(Deshmukh et al, 2008). II se peut egalement que dans leur longue sequence 
d'acides amines, les enzymes de type Dcp2 possedent un domaine supplementaire 
qui vient recouvrir le site actif, le rendant moins accessible a 1'interference par des 
analogues de nucleotides. L'enzyme Dcp2 de A. thaliana possede 373 acides 
amines et se montre legerement inhibe par le m7GDP, alors que l'enzyme de 770 
acides amines de C. elegans n'est pas susceptible a 1'inhibition (Fig. 8). II est 
possible que le repliement de l'enzyme de C. elegans permette un meilleur 
recouvrement du site actif. Cette supposition pourrait etre resolue par les essais 
proposes sur l'enzyme de levure. La proteine SpDcp2 presentement en etape de 
clonage est en fait une version tronquee de 266 acides amines qui fut utilisee pour la 
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Discussion, Figure 8. Domaines conserves chez les enzymes Dcp2 et la proteine 
viraleDlO. 
Representation des enzymes Dcp2 de degradation de la coiffe de H. sapiens, M. musculus, 
A. thaliana, C. elegans, D. melanogaster, S. pombe, S. cerevisiae et de la proteine D10 du 
virus de la vaccine. Les regions colorees representent les motifs conserves. Les positions 
des domaines NUDIX sont indiquees (boite grise). Les boites noires representent le motif 
NUDIX de 23 acides amines, les boites grises pales demontrent la position de la Boite A, et 
les boites grises foncees delimitent la Boite B pour tous les enzymes presentes. (Illustration 
adaptee de Souliere et Bisaillon 2008, ANNEXE 2. Article additionnel) 
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version tronquee peut etre inhibee par des analogues de nucleotides, il sera alors 
interessant d'exprimer la version pleine longueur pour confirmer ou infirmer les 
resultats obtenus avec la version tronquee ainsi que les suppositions precedentes 
quant a la presence d'un domaine implique dans le recouvrement du site actif. 
7. Modelisation de site actifs, perspectives et limitations 
Au cours de mes recherches sur les mecanismes catalytiques de proteines 
j 'a i pu constater que la grande difficulte consiste souvent a determiner les elements 
importants a cibler pour l'enzyme que Ton etudie. Lorsqu'une structure tertiaire de 
la proteine est disponible, il est plus aise de bien visualiser les sites actifs potentiels, 
les acides amines qui pourraient etre impliques dans la catalyse ainsi que le 
mecanisme d'action potentiel. En absence de structure tertiaire, la caracterisation 
mecanistique de proteines est beaucoup plus fastidieuse et peut devenir un 
processus tres aleatoire. Avec l'avancement des techniques de bioinformatiques, 
nous commencons a pouvoir pallier a certaines difficultes dans le decryptage des 
mecanismes catalytiques d'enzymes, dont ceux impliques dans la synthese et la 
degradation de la structure coiffe des ARNm. Quantite d'articles proposant des 
mecanismes d'action pour divers enzymes se concluent par une perspective 
stipulant que la resolution de la structure tertiaire par cristallographie permettrait de 
mieux comprendre le mecanisme de l'enzyme. Comme la cristallographie est une 
technique complexe, peu d'enzymes d'une meme famille ont effectivement vu lew 
205 
structure tertiaire resolue par cette technique. De plus, les structures obtenues ne 
sont pas necessairement representatives de la realite puisque les cristaux sont 
habituellement obtenus dans des conditions particulierement stringentes. 
L'utilisation de l'information disponible dans les structures 
cristallographiques deja publiees semble done un excellent moyen de profiter de 
donnees disponibles pour etudier d'autres enzymes d'une merae famille que les 
proteines cristallisees. Tel que presente dans cette these, le programme Swiss-
PdbViewer (Guex et Peitsch, 1997) peut etre utilise pour generer des modeles de 
structures tertiaires pour des enzymes presentant une certaine similarite avec une 
proteine dont la structure tertiaire est disponible en format de reference 
tridimensionnelle de type PDB. La generation de tels modeles permet de mieux 
diriger les recherches subsequentes. En revanche, il semble evident que cette 
technique possede certaines limitations, exposees ci-bas, et qu'il faut etre vigilant 
dans l'utilisation des structures generees. 
Dans 1'etude de la proteine D10 presentee dans cette these, une modelisation 
du site actif de 1'enzyme par le programme Swiss-PdbViewer a partir de la proteine 
Dcp2 de Schizosaccharomyces pombe (SpDcp2) est montree. Une modelisation de 
la structure tertiaire globale de DlOp a egalement ete generee plus recemment (Fig. 
9A). Par contre, le modele produit ne pouvait alors etre utilise dans aucun autre 
programme capable de presenter des structures tertiaires. J'ai recemment pu 
decouvrir qu'en supprimant les coordonnees aberrantes des acides amines n'ayant 
pas ete correctement modelises dans le fichier PDB contenant les donnees de 
positionnement spatial, les modeles generes peuvent etre utilises dans des 
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programmes tels que AutoDock 4 (Huey et al, 2007) ou Visual Molecular 
Dynamics (Humphrey et al, 1996) pour permettre une meilleure visualisation des 
structures. Durant ce processus, j 'ai pu constater que la structure generee de DlOp 
presentait des elements aberrants (Fig. 9B). Certains acides amines dans la structure 
tertiaire generee adoptent une structure impossible car les chaines laterales se 
trouvent superposees. Par exemple, les chaines des acides amines Trp43 et Arg 47 
entrent en conflit spatial, de meme que les chaines de Tyrl23, Ilel27 et Glul66. De 
plus, d'autres endroits presentent des superpositions avec le squelette carbone, 
comme c'est le cas pour l'acide amine Tyr94. Afin de generer des structures qui 
pourraient etre plus realistes, il serait interessant d'explorer 1'utilisation potentielle 
de programmes informatiques tels NAMD (NAnoscale Molecular Dynamics) qui 
permettent de minimiser l'energie des structures modelisees et ainsi de relaxer le 
squelette pour allouer l'espace requis au bon positionnement des chaines laterales 
des acides amines (Phillips et al, 2005). Cette technique est largement utilisee pour 
les proteines et les molecules d'ARN modelisees (Aksimentiev et al, 2005, Yeh et 
Hummer, 2004). 
Certains elements supplementaires viennent supporter les limitations 
mentionnees ci haut. Le programme AutoDock 4 utilise une molecule dessinee et la 
structure tertiaire en format PDB d'un enzyme, et tente de situer la molecule sur la 
proteine de facon tridimensionnelle, par des interactions standards, a l'endroit le 
plus energetiquement favorable. J'ai utilise ce programme avec le cristal de la 
proteine SpDcp2 pour determiner les acides amines dans le site actif de la proteine 
qui pourraient interagir avec le m7GDP. Le programme a positionne le m7GDP dans 
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Discussion, Figure 9. Modelisation de la structure tertiaire de DIOp. 
(A) Representation de la structure tertiaire hypothetique de DIOp generee par Swiss-
Pdb Viewer. (B) Representation de la modelisation de DIOp avec les chaines later ales des 
acides amines. Les acides amines Trp43, Arg47, Tyr94, Tyrl23, He 127 et Glul66, pour 
lesquels la modelisation propose une structure impossible, car les chaines lateralis de 
plusieurs acides amines se superposent ou entrent en conflit avec la position du squelette, 
sont presentes en rouge. 
le site actif de Penzyme (Fig. 10A), et ce modele a permis de souligner les acides 
amines qui pourraient etre impliques dans 1'interaction avec la coiffe au centre 
catalytique (Fig. 10B, C). Plusieurs de ces acides amines ont d'ailleurs ete mutes 
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dans une analyse mutationnelle prealable de la proteine SpDcp2 et demontres 
comme etant importants pour l'activite de degradation de la coiffe de 1'enzyme 
SpDcp2 (She et al, 2008). Par alignement de la structure primaire de SpDcp2 et de 
DlOp, des acides amines de nature et de positionnement similaires ont pu etre 
extrapoles pour DlOp (Fig. IOC). Par contre, en utilisant la modelisation de DlOp 
generee par Swiss-PdbViewer dans ce meme programme, AutoDock 4, les acides 
amines suggeres pour 1'interaction avec le m7GDP au site actif sont tres differents 
(Fig. 10D). N'ayant mis au point que recerriment la technique visant a utiliser des 
structures modelisee par Swiss-PdbViewer dans d'autres programmes, j'avais deja 
entrepris de doner et exprimer des proteines D10 mutantes presentant certaines des 
mutations suggerees par le modele de SpDcp2 et 1'alignement de sequence (Fig. 
IOC). L'activite des proteines mutantes a ete evaluee sur un substrat d'ARN coiffe-
methyle, et plusieurs des acides amines semblent etre importants pour l'activite 
catalytique de l'enzyme (Fig. 10E). Le positionnement de ces acides amines dans la 
structure modelisee de DlOp ainsi que leur activite respective correlent de facon 
surprenante (Fig. 10F). II semble done que l'utilisation de l'enzyme SpDcp2 
cristallise dans le programme AutoDock 4 suivi de 1'alignement des sequences de 
SpDcp2 et DlOp a effectivement permis de suggerer des acides amines importants 
pour la catalyse par DlOp. De plus, dans ce cas, l'utilisation du modele de DlOp 
dans AutoDock semble avoir suggere des acides amines errones. Par contre, ces 
acides amines n'ont pas ete mutes et il demeure possible qu'ils soient egalement 
impliques dans 1'interaction avec le substrat. Les elements aberrants dans le modele 
de la structure tertiaire de DlOp auraient cependant fort bien pu influer sur la 
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Discussion, Figure 10. Prediction des acides amines impliques au site actif de 
SpDcp2etD10p. 
(A) Positionnement du m7GDP au site actif de SpDcp2 par le programme AutoDock 4. (B) 
Acides amines de SpDcp2 impliques dans I'interaction avec le m7GDP selon la 
modelisation. (C) Alignement de la sequence primaire de SpDcp2 et DIOp. Les acides 
amines determines en (B) sont presentes en rouge. Les acides amines suggeres pour 
I'implication au site actif de DIOp et selectionnes pour la generation de mutation 
ponctuelle sont presentes en bleu. (D) Positionnement du m7GDP au site actif de la 
modelisation de DIOp generee par Swiss-PDB Viewer par le programme AutoDock 4. (E) 
EJfet de certaines mutations ponctulles d'acides amines de DIOp suggeres en (C) sur 
I'activite catalytique de Venzyme. (F) Modelisation de DIOp avec les acides amines mutes 
en (E) representes en vert pour les acides amines ayant un effet sur I'activite catalytique de 
I 'enzyme, et en bleu pour les acides amines n 'affectant pas I 'activite. 
capacite du programme a generer un modele pertinent. De plus, tel que demontre 
par l'alignement de la sequence de SpDcp2 et DIOp (Fig. IOC), la proteine virale 
DIOp ne presente que tres peu d'homologie avec les enzymes de type Dcp2, 
exception faite du motif NUDIX conserve. 
Ces observations menent a deux conclusions. D'abord, l'utilisation d'un 
programme de minimisation sur les structures tertiaires modelisees par Swiss-
PdbViewer pourrait sans doute permettre d'obtenir de meilleurs modeles. 
Deuxiemement, la generation de tels modeles de structures tertiaires d'enzymes 
peut se reveler tres instructif meme sans planifier leur utilisation subsequente dans 
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le programme AutoDock 4. Sans 1'utilisation du modele dans ce programme, 
plusieurs acides amines dont les mutations sont presentees ici auraient pu etre 
suggeres comme etant impliques dans la reconnaissance du substrat par simple 
observation de la structure tertiaire modelisee de DIOp. Egalement, etant donne le 
peu d'homologie entre DIOp en 1'enzyme utilise pour la modelisation, il se peut 
que, dans le cas particulier presente dans cette section, les resultats soient moins 
representatifs qu'avec des enzymes presentant une plus grande similitude. 
II m'apparait clair que toute etude de caracterisation de mecanisme et de site 
actif d'enzymes devrait dorenavant debuter par 1'utilisation des outils 
bioinformatiques mis a notre disposition. II est cependant important de bien utiliser 
ces outils et de chercher a prouver la validite d'une modelisation tertiaire avant de 
l'utiliser pour generer des conclusions fautives sur le site actif d'une proteine. 
L'utilisation d'outils pour la minimisation des structures generees serait une voie a 
explorer pour ameliorer cette approche. D'autres programmes sont presentement 
developpes pour predire la structure tertiaire de proteines a partir des domaines 
conservees entre plusieurs enzymes de la meme famille. II existe egalement des 
programmes plus elabores pour le positionnement de molecules, de substrats au site 
actif des enzymes qui nous etudions. Pour le moment, ces derniers requierent une 
grande connaissance de l'informatique ce qui les rend moins accessibles a tous et 
chacun, par contre ces programmes deviendront inevitablement plus communs et 
faciles d'utilisation dans les annees a venir. 
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8. Voie alternative pour Ie dessin rationnel d'inhibiteurs 
Cette these presente principalement la caracterisation de sites actifs et 
mecanismes catalytiques d'enzymes impliques dans la synthese et la degradation de 
la structure coiffe des ARNm. Tel que discute precedemment, malgre que la 
caracterisation d'enzymes viraux permet frequemment de mieux comprendre les 
processus cellulaires homologues, les informations recueillies pourraient egalement 
mener au developpement rationnel d'inhibiteurs pouvant cibler specifiquement 
certains de ces enzymes dont l'homologie avec les enzymes cellulaires est moindre. 
La caracterisation de sites actifs mene naturellement a la recherche d'inhibiteurs 
competitifs, interferant avec l'interaction du substrat naturel des proteines etudiees. 
Par contre, dans la cellule, il existe plethore d'enzymes utilisant le GTP et l'ATP 
comme substrats et qui pourraient egalement etre inhibes par des inhibiteurs 
nucleotidiques, malgre un dessin rationnel et une speciflcite experimentale in vitro 
des composes. Notamment, il a ete demontre au cours des annees que le Ribavirin 
(inhibiteur commercial, analogue de guanosine, utilise dans le traitement du virus 
de 1'hepatite C humaine) affecte plusieurs enzymes cellulaires et viraux (Bougie et 
Bisaillon, 2004, Leyssen et ah, 2005, Streeter et al, 1973). Le Ribavirin inhibe 
l'inosine monophosphate dehydrogenase de la cellule, proteine responsable de la 
synthese du GTP, en plus de competitionner pour le site de liaison des nucleotides 
de plusieurs polymerases virales (Cameron et Caston, 2001, Eriksson et al, 1977, 
Muller et al., 1977, Streeter et al, 1973). De plus, il a ete demontre que le Ribavirin 
pouvait servir de substrat pour ces ARN polymerases ainsi que pour une ARN 
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guanylyltransferase virale, generant respectivement des mutations dans le genome 
viral et des structures coiffes non-canoniques n'etant pas reconnues par le ribosome 
(Bougie et Bisaillon, 2004, Crotty et al, 2000 Crotty et al, 2001). Cet analogue de 
guanosine est neanmoins une drogue disponible sur le marche, ce qui supporte 
l'idee que le developpement d'analogues de nucleotides pour inhiber les enzymes 
viraux caracterises dans cette these est prometteur. Cependant, il pourrait etre 
egalement interessant d'explorer une seconde voie pour le developpement 
d'inhibiteurs viraux. 
Le dessin d'inhibiteurs non-competitifs pourraient permettre d'atteindre des 
niveaux de specificite superieurs dans un contexte cellulaire. Des sites precis a 
l'exterieur ou en bordure du centre catalytique des enzymes pourraient etre cibles 
pour affecter leur activite catalytique ou leur capacite d'interaction avec d'autres 
proteines. Par exemple, nous savons que l'ARN 5'-triphosphatase de 
Saccharomyces cerevisiae interagit avec l'ARN guanylyltransferase de la levure 
pour sa localisation au site de transcription des ARNm (Ho et al, 1998). 
Parallelement, la proteine NS3 du virus du Nil occidental arborant l'activite ARN 
5'-triphosphatase du virus interagit avec la proteine NS5 recemment demontree 
comme etant l'ARN guanylyltransferase virale (Cui et al, 1998). Ces interfaces 
pourraient etre cibles a l'aide de cours peptides synthetiques afin d'empecher ces 
interactions et d'empecher la synthese de la structure coiffe de la levure ou du virus. 
Alternativement, il a ete demontre dans cette these que des changements 
conformationnels mineurs ou plus marques sont observes au cours du chemin 
reactionnel des enzymes etudies (Chapitre 1, Chapitre 2). Ces informations, avec 
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1'aide de modeles de structures tertiaires des proteines, pourraient permettre de 
cibler des sites specifiques a l'interieur du site catalytique ou a la jonction de 
domaines flexibles des proteines afin d'affecter les changements conformationnels 
requis pour l'activite de ces dernieres. L'observation du repliement tridimensionnel 
d'une proteine permet frequemment de visualiser les domaines plus mobiles de la 
structure, ainsi que les regions qui pourraient accomoder des molecules inhibitrices 
qui agiraient de facon allosterique pour affecter l'activite catalytique de l'enzyme. 
De plus, le site actif des enzymes peut dans certains cas etre cible de facon non-
competitive pour l'inhibition sans affecter la liaison du subtrat en utilisant, par 
exemple, un analogue d'un produit de la reaction. La caracterisation de l'ARN 
guanylyltransferase de PBCV-1 presentee au Chapitre 2 a demontree que le 
pyrophosphate, produit de la reaction, et le foscarnet, analogue commercial de 
pyrophosphate, inhibent de facon non-competitive cet enzyme de synthese de la 
structure coiffe. Ces molecules se lieraient au domaine de la proteine A103R qui se 
referme durant le changement de conformation majeur de l'enzyme pour interagir 
avec les groupements phosphates du substrat GTP. Les composes provoquent done 
probablement un encombrement sterique empechant le changement 
conformationnel requis pour l'activite catalytique de l'ARN guanylyltransferase. 
II semble done que la caracterisation des mecanismes catalytiques 
d'enzymes peut s'averer une source d'information pour le dessin rationnel 
d'inhibiteurs tant competitifs que non-competitifs. Ces differentes donnees 
ameliorent notre connaissance des enzymes viraux et permettent d'elargir les 
opportunites d'inhibition dans un contexte cellulaire. 
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CONCLUSIONS 
Cette etude a permis de mieux comprendre les mecanismes catalytiques de 
plusieurs enzymes viraux requis pour la synthese et la degradation de la structure 
coiffe des ARN messagers. Le role essentiel des ions metalliques divalents dans 
chacun de ces mecanismes a egalement pu etre souligne, ainsi que la presence de 
plusieurs etapes sur les chemins reactionnels de ces enzymes. Des analyses 
mutationnelles des enzymes A449R de PBCV-1 et DlOp du virus de la vaccine ont 
permis de demontrer 1'implication precise de certains acides amines pour 
1'interaction avec les ions et la catalyse des reactions enzymatiques. Ces resultats 
ont ainsi permis l'avancement des connaissances sur les mecanismes specifiques 
utilises par des enzymes viraux requis pour la replication virale et qui pourraient 
etre cibles pour le developpement d'inhibiteurs. 
L'avenir de la cinetique enzymatique se situe dans 1'alliance entre la 
bioinformatique et la biochimie fondamentale. La generation de modeles 
tridimensionnels des enzymes a l'etude dont la structure tertiaife n'est pas deja 
disponible permet de cibler les analyses biochimiques subsequentes, et permet 
egalement de generer des modeles de mecanismes plus plausibles et plus faciles a 
visualiser. De plus* le developpement de nouveaux programmes informatiques 
permettra bientot de visualiser le mouvement du site actif des enzymes, permettant 
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RESUME 
La degradation des ARN messagers a lieu dans des loci specifiques nommes 
corps GW. Ce processus implique un nombre important de proteines, incluant des 
enzymes de degradation de la structure coiffe requis pour le clivage de cette 
structure protectrice retrouvee a l'extremite 5' des ARNm. Les enzymes Dcp2 de 
degradation de la coiffe hydrolysent un ARNm coiffe pour generer une molecule de 
m7GDP et un ARN monophosphoryle qui pourra ensuite etre degrade par les 
exonucleases cellulaires. Ces enzymes sont caracterises par un motif catalytique 
conserve de 23 acides amines. De plus, des orthologues des enzymes Dcp2 ont ete 
decouverts chez divers organismes dissemines dans l'arbre phylogenique, incluant 
les humains, les plantes, les levures et les virus. Dans cet article de revue, nous 
discutons des avancees recentes realisees sur la caracterisation des enzymes de 
degradation de la coiffe de type Dcp2, incluant des details sur leur structure, leurs 
cofacteurs, et les mecanismes d'action proposes pour leur activite catalytique. 
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Abstract ' 
The decay of mRNA occurs in specific loci in cells termed P-bodies (rnRNA-
processing bodies). The process involves an extensive number of proteins, 
including decapping enzymes for the removal of the cap structure found at the 5' 
end of mRNA. The Dcp2 decapping enzymes hydrolyze capped mRNA to generate 
m7GDP and a monophosphorylated RNA product that will be further degraded by 
exonucleases. These enzymes are characterized by a conserved 23-aa catalytic 
Nudix motif. Furthermore, orthologs of Dcp2 have been found in various divergent 
organisms throughout the tree of life, including humans, yeasts, plants and viruses. 
In this review, we will discuss the recent advances made in the characterization of 
Dcp2-like decapping enzymes, including their structure, cofactors, and proposed 
mechanisms. 
Keywords: mRNA decay, decapping enzyme, decapping mechanism, Nudix fold 
domain, Dcpl-Dcp2 complex. 
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Introduction 
Eukaryotic messenger RNAs (mRNAs) are protected at their extremities by two 
different protective structures synthesized co-transcriptionally. A polyA tail is 
found at the 3' end of mRNAs while a cap structure is located at the 5' extremity [1, 
2]. The latter has been demonstrated to be required for splicing and export of 
mRNAs via the interaction with cap binding proteins 20 and 80 (CBP20, CBP80) 
[3, 4]. Uncapped mRNAs have also been shown to be poorly translated : the 
presence of the cap enhances recognition of the mRNAs by the 40S ribosomal 
subunit [5]. Furthermore, the cap structure protects mRNAs from 5'—• 3' 
exonucleolytic degradation by cellular nucleases [6]. However, gene expression 
regulation in cells requires the turnover of mRNAs. The decay of mRNAs can occur 
through several pathways: deadenylation-dependent, deadenylation-independent, 
and endonuclease mediated mRNA decay [7-9]. Various factors are involved in 
each of the possible pathways, but they all require the activity of a decapping 
enzyme for the removal of the cap structure. In the deadenylation-dependent 
pathway, the polyA tail is first removed by a polyA specific ribonuclease (PARN). 
The deadenylated mRNA will then be further processed either by the recruitment of 
Sm-like proteins 1 to 7 (Lsml-7) and the Dcpl-Dcp2 complex for the removal of 
the cap structure and 5'—» 3' exonucleolytic decay, or the mRNA will be digested 
by the exosome in the 3'—• 5' direction, and the remaining 5' capped end subjected 
to degradation by the Scavenger decapping enzyme (DcpS). In contrast, the 
deadenylation-independent decay pathway, the major pathway in yeasts, begins 
with the recruitment of Dcpl-Dcp2 for the decapping activity, followed by the 5'—* 
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3' decay of RNA by the Xrnl exonuclease. Finally, the endonuclease mediated 
mRNA decay pathway utilizes part of each of the previous mechanisms, i.e. an 
endonuclease cleaves in the mRNA leaving a 5' uncapped end for Xrnl-mediated 
degradation, and a 3' extremity for the exosome and DcpS activities. In this review, 
we will be focusing on the different features of Dcp2 and Dcp2-like decapping 
enzymes. The involvement of other decapping enzymes in mRNA turnover was 
previously reviewed by Liu et al. and Fillman et al. [10, 11]. 
Localization and regulation of Dcp2 
mRNA decay occurs mainly in specific loci of the eukaryotic cells cytoplasm 
termed P-bodies, for processing bodies [12, 13]. These structures comprise a large 
variety of proteins involved in gene expression regulation via the degradation of 
mRNAs [14-16]. Interestingly, recent studies demonstrated the movements of P-
bodies on microtubules in vivo providing the means of scanning the cytoplasm for 
target mRNAs [17]. Central components of the P-bodies include the decapping 
enzymes Dcpl, Dcp2 and DcpS, which have been shown to localize in these 
particular loci of cells [11, 12]. The Dcpl protein interacts with Dcp2 to stimulate 
its activity and form the Dcpl-Dcp2 decapping complex. The Dcpl and Dcp2 
proteins are targeted to the mammalian P-bodies via an interaction with the Ge-
1/Hedls protein of previously unknown function, which also stimulates Dcpl-Dcp2 
complex formation [18, 19]. This interaction was also observed in Arabidopsis 
thaliana between the plant Dcpl-Dcp2 complex and the Ge-1 homolog Varicose, 
while no Ge-1 homologs have been found in yeasts [20]. Moreover, DcpS was also 
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shown to localize to the cellular P-bodies and to interact with human constituents of 
the exosome (hRrp40p and hRrp41p) [21]. Several other effectors have been 
demonstrated to enhance or inhibit decapping activity. In the 5'—> 3' deadenylation-
dependent decay, the Lsml-7 complex interacts with the 3' end of deadenylated 
mRNAs to promote decapping by Dcp2 [22]. Furthermore, another P-body 
localizing factor, the Patl protein, possesses two domains that enchance the 
decapping activity of the Dcpl-Dcp2 complex in yeast. Deletion of the amino acids 
(aa) 254 to 422 of Patl strongly reduces the decapping rate of mRNAs, while 
deletion of residues 422 to 763 was responsible for moderate decapping defects 
[23]. The latter N-terminal segment of Patl was further demonstrated to interact 
directly with Dcpl and the enhancer of decapping enzymes 3 (Edc3) [23], likely 
explaining its effect on decapping activity. This enzyme is an important factor in 
translation repression and is conserved from S. cerevisiae to mammalian cells [24]. 
Enhancers of decapping enzymes 1 through 3 (Edcl, Edc2, Edc3) and the RCK/p54 
DEAD-box RNA helicase (Dhhl) were also found to stimulate Dcp2 activity [24-
27]. Both Edc3 and Dhhl were demonstrated to interact directly with the catalytic 
domain of Dcp2 [28], while Edcl and Edc2 seem to act by displacing cap-bound 
eIF4E [27]. Decapping suppressors such as Pabl and eIF4E proteins were also 
discovered [29, 30]. eIF4E binds the cap structure, preventing the association of 
decapping enzymes, while Pabl is postulated to inhibit decapping by various 
pathways including the interaction with cap-binding proteins and alteration of the 
mRNAs spatial location in cells [16, 31, 32]. Many decapping effectors, such as 
Dhhl and Lsml, are targeted to the P-bodies via interactions with Ge-1, Patl or 
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dimeric Edc3 which all possess specific domains required for P-body localization 
[18, 23, 33]. Several other factors were found to affect the various pathways of 
mRNA decay, including Upf 1 to 3, eIF4G, and Ccr4 [11, 34, 35]. While the precise 
mechanisms of regulation of mRNA decay remain unclear, overall these pathways 
are strictly regulated mainly through protein-RNA and protein-protein interactions 
to generate efficient mRNPs for mRNA degradation. 
Dcp2 enzymes conservation 
While the presence of Dcpl is required for efficient decapping activity of the Dcpl-
Dcp2 complex, the Dcp2 enzyme is the catalytically active subunit [36-38]. Dcp2 is 
a member of the Nudix (nucleotide diphosphate linked to an X moiety) hydrolases 
superfamily which includes enzymes such as the the MutT pyrophosphohydrolase 
(MutT), the Ap4A pyrophosphatase (Ap4AP) and the ADP-ribose pyrophosphatase 
(ADPRP) [39, 40]. In the case of Dcp2, the activity consists in the specific 
hydrolytic cleavage between the a- and P-phosphates of the m7GpppN cap, in the 
presence of divalent cations, to generate both m7GDP and monophosphorylated 
mRNA products. The Nudix hydrolases are characterized by a conserved 23-aa 
Nudix motif (GX5EX7REUXEEXGU), part of a typical loop - a helix - loop 
structure, and contained in a larger 109-aa Nudix fold for Dcp2 enzymes (Fig. 1) 
[39, 41, 42]. Mutation of the glutamates 16 and 20 of the Nudix motif in human, 
yeast and plant Dcp2 decapping enzymes considerably reduces their catalytic 
activity [36, 37, 43]. Dcp2 enzymes were also found to possess two additional 
highly conserved domains flanking the Nudix fold : a 38-aa domain in N-terminal 
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(Box A), and a 20 to 25-aa (Box B) [36, 44]. Box A has been associated with the 
ability of the enzyme to specifically cleave the a-p phosphodiester bond, while Box 
B appears to be essential for the interaction with RNA [44]. Dcp2 homologues have 
been found in yeasts, plants and mammals. The Nudix motif and both Boxes A and 
B are present in every eukaryotic Dcp2 studied so far (Fig. 1) [36, 45]. Mutated 
Dcp2s that lacked the Box B showed a reduced decapping activity in vitro [43,44]. 
Moreover, recent studies demonstrated the presence of Dcp2-like decapping 
enzymes encoded by the D9 and D10 genes in the vaccinia virus [48-51]. Viruses 
that do not utilize the cellular polymerase II to synthesize viral mRNA have evolved 
various strategies to deal with the requirement of a cap structure for efficient 
translation in infected cells, including cap-snatching and the use of an internal 
ribosome entry site (IRES) [34, 46, 47]. Surprisingly, the vaccinia virus encodes for 
all the enzymes required for the synthesis of its own cap structures, but also for two 
decapping enzymes. The D9 and, to a higher extent, D10 viral Dcp2-like proteins 
have been demonstrated to increase the decay rate of both cellular and viral mRNAs 
in vaccinia-infected cells [48-49]. It was suggested that this increased mRNA 
turnover would serve in a rapid removal of the competing cellular mRNAs. Another 
possibility would be that a prompt turnover of viral mRNAs could positively affect 
transitions between early, intermediate and late phases of the vaccinia virus viral 
replication [49, 50]. 
The D9 and D10 viral proteins both possess the absolutely conserved Nudix 
motif and harbour decapping hydrolytic activity, although both Boxes A and B were 
not observed in the viral decapping enzymes (Fig. 1) [50, 51, Souliere et al. 
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(Personal communication, 2008)]. However, structural modelization of the D10 
protein using the reported crystal structure of the S. pombe Dcp2 showed that the 
secondary loop — a helix - loop structure is conserved for the enzyme [Souliere et 
al. (Personal communication, 2008)]. Moreover, as outlined by studies on human, 
C. elegans and A. thaliana Dcp2s, eukaryotic Dcp2s are unable to cleave the cap 
structure without the presence of an mRNA body component [43, 44], while the D9 
and D10 activities were inhibited by sole cap structures [50, 51]. These 
observations suggest a divergent RNA binding strategy, while the catalytic core 
sequence and structure are preserved between the various Dcp2 and Dcp2-like 
enzymes. 
Crystal structures and what they tell us 
The structure of the S. cerevisiae Dcpl protein was solved several years ago. 
However, for a number of years the structure of Dcp2 decapping enzymes remained 
elusive. The crystal structure of a truncated but catalytically active S. pombe Dcp2 
protein was resolved in 2006 providing the first structural insights into the 
functional domains of the decapping enzyme [45]. Recently, NMR studies on the S. 
cerevisiae Dcp2 enzyme generated more data on the recognition of the capped 
mRNA substrate and the possible surface of interaction of Dcp2 with Dcpl [52]. As 
previously mentioned, the Dcpl protein does not possess intrinsic decapping 
activity in vivo but serves as an essential Dcp2 cofactor [36-38]. The recent 
crystallization of Dcpl in complex with a portion of Dcp2 and an ATP molecule 
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H. sapiens 















Article additionnel, Figure 1. Conserved domains in Dcp2 and Dcp2-like 
decapping enzymes. 
Schematics of the H. sapiens, M. musculus, A. thaliana, C. elegans, D. 
melanogaster, S. pombe, S. cerevisiae and vaccinia virus Dcp2-like decapping 
enzymes. Shaded regions represent conserved functional motifs. The positions of 
the Nudix fold (grey boxes) are indicated. Black boxes represent the 23-aa Nudix 
motif, light grey boxes stand for the Box A, and dark grey boxes delimit the Box B 
region for each aligned decapping enzyme. 
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also provides further insights into the function of Dcpl and the cap recognition of 
Dcp2 [53]. 
The S. pombe Dcp2 crystal structure outlined the presence of two physically 
distinct domains composed of the N-terminal Box A (a-helical domain) and the C-
terminal Nudix domain / Box B (Nudix fold domain) of the truncated enzyme 
connected by a short linker [45]. The linker is now known to be a flexible hinge and 
to allow the Dcp2 enzyme to adopt an open- and a closed-form, where the Dcp2 a-
helical domain is in close proximity to the Nudix fold domain (Fig. 2) [53]. The 
Nudix fold domain is composed of both p-sheets and a-helices and can support 
catalytic activity on its own. The S. pombe Dcp2 crystal structure featured the loop 
- a helix - loop structure of the Nudix fold. Interestingly, NMR data mapped a 
positively charged RNA-binding channel that stems from the dorsal surface of the 
Nudix fold, pursues near the interdomains linker and ends towards the Nudix motif 
(Fig. 2) [52]. The channel is enriched with positive charges in the yeasts structures, 
and composed of hydrophobic and aromatic residues of the Box B, comforting 
previous results suggesting the involvement of the Box B in RNA binding [43, 45]. 
This channel appears to be shorter in the human Dcp2 enzyme, and is not apparent 
in the viral D10 protein [52, Souliere et al. (Personal communication, 2008)]. Given 
the variability of mRNAs recognized by the decapping enzymes and the moderate 
conservation of residues at the surface of interaction [36, 43, 52], the RNA-binding 
channel is likely involved in non-specific contacts with the phosphate backbone of 
the mRNA substrate. This is further outlined by Carr-Purcell-Meiboom-Gill 
(CPMG) molecular dynamics experiments showing dynamic motion, and implied 
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adaptability, of the RNA-channel residues of the S. cerevisiae Dcp2 enzyme [52]. 
The mRNA-binding site seems to be secluded in the Nudix fold domain, without 
the requirement of Dcpl interactions to enhance mRNA affinity [52, 53]. 
The a-helical domain is composed solely of a-helices and is involved in the 
interaction with Dcpl in yeasts and humans [45, 53, 54]. In the first Dcp2 crystal 
structure, some interspecies conserved residues were observed as patches of the N-
terminal segment and demonstrated by mutagenesis to be in part involved in Dcpl 
interaction [45]. These findings are supported by the crystal structure of the Dcpl-
Dcp2 complex showing some of these conserved amino acids, namely Argl8, 
Phel9 and Phe44 of spDcp2, to be present at the complex interface. The interface 
between Dcpl and Dcp2 is now precisely mapped to two patches on Dcpl, residues 
8-19 and 69-76, and two other patches on Dcp2, residues 11-22 and 43-48, of the S. 
pombe enzymes (Fig. 2) [53]. These sequences are highly conserved in S. cerevisiae 
and are required in yeasts for in vivo activity [53]. The sequence is less conserved in 
human Dcpl, which might explain the requirement of the Ge-1 protein or its 
homolog Varicose for efficient Dcpl-Dcp2 complex formation in humans and 
plants [19, 20]. The vaccinia virus does not appear to encode for any homolog of 
Dcpl, and consequently the D10 protein lacks the conserved Dcpl-Dcp2 interface 
[Souliere et al. (Personal communication, 2008)]. Moreover, the Dcpl-bound a-
helical domain can adopt a close conformation, closer to the Nudix fold domain, 
upon binding of a substrate to the enzyme (Fig. 2) [53]. This conformation allows 
contacts of catalytically important residues of the Nudix fold domain with the a-
helical domain and the substrate [45, 53]. The Dcpl protein is not implicated in the 
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Frontal view Dorsal view 
Article additionnel, Figure 2. General conserved domains in Dcp2 decapping 
enzymes. 
General schematic representation of important domains of the Dcpl-Dcp2 complex. 
The Dcpl protein is shown in purple while the Dcp2 protein is represented in light 
grey. The main Dcpl domains (a-helical domain, inter-domain linker and Nudix 
fold domain) are highlighted, as well as a potential capped mRNA substrate. The 
catalytic loop - a helix - loop motif of the Nudix fold domain is represented on the 
frontal view of the schematics. The positively charged RNA-binding channel is 
shown on the dorsal view of the complex. The mapped interaction regions between 
Dcpl and Dcpl are indicated by the oval shapes. 
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interaction of mRNA with Dcp2, but seems to promote the decapping activity of 
Dcp2 by stabilizing the closed, more catalytically active, form of the Dcp2-substrate 
intermediate. Morever, several amino acids pointed out as conserved residues on the 
surface of the N-terminal domain of the Dcp2 crystal structure were not found to be 
involved in Dcpl interaction but still affected in vivo activity of the decapping 
enzyme. This could suggest their involvement in contacts with regulatory decapping 
enzymes such as Lsml-7 or Edc3 [28, 55]. Further studies will be required to 
evidence the involvement of other factors in the promotion or inhibition of the 
formation of the closed of the decapping complex. 
Finally, little is known about the mechanism of methylated cap recognition 
by the catalytic core of Dcp2. Nonetheless, the resolved crystal structure of the 
Dcpl-Dcp2 duplex in complex with and ATP molecule brought interesting data on 
the cap recognition mechanism by Dcp2 enzymes [53]. RNA binding to the yeasts 
enzymes is unaffected by the presence or absence of a cap structure [52, 53]. 
However, since Dcp2 enzymes demonstrate specificity for methylated capped 
RNAs, recognition of the cap must be conferred during the catalytic step of the 
reaction. These findings are not in agreement with the canonical cap recognition 
mode of cap binding proteins, such as RNA guanylyltransferases, VP39, eIF4E and 
CBP20/80, in which the methylated guanosine ( G) is stacked between two 
aromatic residues [56-59], but suggest another recognition mechanism where the 
body of the RNA is required for specific binding. The methylated cap structure 
could be led to the catalytic cavity by scanning of the RNA body by the mobile 
non-specific mRNA interaction channel of the Dcp2 Nudix fold domain [52]. 
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Proposed mechanisms for Dcp2 and Dcp2-like decapping enzymes 
The Nudix hydrolases superfamily has been extensively characterized [40-42, 60, 
61]. The mechanisms of Nudix hydrolases are well known, very diverse and require 
divalent metal ions [39, 42]. However, the mechanism of Dcp2 decapping enzymes 
is not known yet. It was first proposed that the human Dcp2 would utilize a three-
metal ion mechanism, analogous to that of the E. coli ADPRP enzyme, based on the 
resemblance between the two catalytic reactions [42]. More recently, a complete 
mechanism was proposed based on the S. pombe Dcp2 crystal structure, other 
Nudix hydrolases mechanisms, and mutational analysis of the A. thaliana Dcp2 
decapping enzyme [43]. The mechanism postulates that Glul54 and Glul58 of the 
A. thaliana Dcp2 enzyme are respectively involved in the coordination of a water 
molecule and a divalent cation. The water molecule is responsible for the attack on 
the y-phosphate of the cap structure, and a first manganese ion is likely required for 
positioning or stabilization of the water molecule. A second manganese ion is 
present in the proposed mechanism and involved in the stabilization of the charges 
on the m7GDP leaving group [43]. The model also outlined interactions of the 
mRNA body with lysines of the C-terminal B Box of the enzyme. Another 
mechanistic model was also recently suggested for the D10 vaccinia virus 
decapping enzyme [Souliere et al. (Personal communication, 2008)]. The 
characterization of the D10 protein demonstrated the utilization of a two-metal ion 
mechanism by the enzyme, using synergy and competition assays with magnesium 
and manganese ions. This mechanism maintains the presence of a central water 
molecule coordinated by the D10 Glul41 and coordination of a divalent cation by 
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Glul45 (the A. thaliana Dcp2 Glul54 and 158) but adds the involvement of a third 
glutamic acid residue, Glul32, in the coordination of the second metal ion. The 
three glutamic acids are absolutely conserved in every Dcp2-like decapping 
enzymes [36, 45, Souliere et al. (Personal communication, 2008)]. However, as 
pointed out throughout this review, the viral decapping enzyme presents several 
sequence divergences with Dcp2 enzymes. Other residues have been suggested to 
be involved in the mechanism of Dcp2 enzymes. For instance, the Glul03 in the 
Nudix hydrolase Ap4AP, encountered in C-terminal of the Nudix motif, was found 
to be important for the catalytic activity of several members of the Nudix 
superfamily. The crystal structure of AP4AP also presents a high structural 
homology with the S. pombe Dcp2 crystal structure. It was therefore suggested that 
the homologous Glul92 of the S. pombe Dcp2 could be important in the 
coordination of a divalent metal ion for the hydrolytic mechanism [45]. However, 
such a glutamate was not found in C-terminal of the Nudix motif and in close 
proximity to the active site of the vaccinia virus D10 decapping enzyme [Souliere et 
al. (Personal communication, 2008)]. Moreover, the S. cerevisiae Dcp2 Lysl35 was 
observed,in close proximity of the triphosphate component of the cap structure in 
NMR studies and was also proposed as a possible player in the decapping chemistry 
by the stabilization of the m7GDP product [52]. The mechanistic characterization of 
the human and yeasts Dcp2 decapping enzymes will be required to shed light on the 
catalytic core chemistry of those eukaryotic enzymes. It will be interesting to learn 
if the mechanism is conserved from viruses to humans. 
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Conclusions 
Dcp2 decapping enzymes are essential players in the eukaryotic decay of 
mRNAs, and hence regulation of gene expression. They localize to the P-bodies and 
are involved in a variety of degradation pathways that are all under a strict 
regulation by several mRNA decay factors, activators and repressors. The discovery 
of decapping enzymes in viruses also raises questions on the precise role of such 
proteins in viral replication. The determination of the localization of the D10 and 
D9 vaccinia virus enzymes will allow a better understanding of this newly 
discovered viral replication strategy. 
Excitingly, the identification of conserved residues important for decapping 
activity but not involved in substrate recognition, catalysis, nor Dcpl interaction, 
correlates with the requirement of a complex mRNP for the decapping of mRNAs 
in P-bodies. Several studies are acknowledging the importance of a wide range of 
regulators in the selection and targeting of mRNAs for their decay. Further 
experimentation will be required to shed light on the details of the decapping 
complex regulation by activators and repressors. 
Nonetheless, the crystal structures and mechanisms of Dcp2 and Dcp2-like 
enzymes have highlighted the main residues involved in the decapping reaction. 
While the detailed chemistry of the reaction remains concealed, new insights were 
brought into the modes of recognition of the mRNA body and the methylated cap 
structure. Furthermore, the suggested use of a two-metal ion mechanism by a Dcp2 
and Dcp2-like enzymes lays down the basic components of the decapping catalytic 
mechanism. The knowledge of the decapping reaction has been reinforced, and one 
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can only hope that an even better understanding of this essential gene regulation 
process will be achieved by future collective work. 
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